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lkj & bl 'kks/k i= esa  ,e- ts- vks- lwpdkad ds 33 o"kksZa ¼1975&2007½ ds vk¡dM+ksa vkSj Hkkjr ekSle 
foKku foHkkx ¼vkbZ- ,e- Mh-½ }kjk fodflr pØokrh fo{kksHk ¼CDs½ ds loksZRre iFk dk mi;ksx djrs gq, 
enku & twfy;u nksyu ¼,e- ts- vks-½ lfgr mRrjh fgan egklkxj esa pØokrh fo{kksHkksa ¼CDs½ dh mRifRr vkSj 
mudh rhozrk ds e/; laca/kksa dh tk¡p dh xbZ gSSA blds fy, cfgxkZeh nh?kZ rjax fofdj.k ¼vks- ,y- vkj-½ ij 
vk/kkfjr ,e- ts- vks- lwpdkad vkSj Åijh ¼200 hPa rFkk fupys ¼850 hPa½ {kksHkeaMy ¼ohyj vkSj gSaMy 2004½ 
esa dfVca/kh; iou dk mi;ksx fd;k x;k gSA 

 

,e- ts- vks- mRrjh fgan egklkxj esa pØokr fo{kksHkksa dh mRifRr vkSj mldh rhozrk dks cgqr de djrh 
gSA rFkkfi mRrjh fgan egklkxj esa pØokr dks mRiUu djus okys vU; dkjd gSa] tcfd ekulwu _rq vkSj 
ekulwu i'p _rqvksa ds nkSjku yxHkx 60 izfr’kr pØokr dh mRifRr ,e- ts- vks- ds lkFk mYys[kuh; :i ls 
lacaf/kr ugh gS tcfd ekulwu _rq ds nkSjku pØokr mRifRr dh laHkkouk pj.k 4 vkSj 5 leqnzorhZ izk;}hi esa 
,e- ts- vks- ds lkFk vf/kd gksrh gS ;|fi pj.k 3 vkSj 4 ¼iwohZ fgan egklkxj vkSj fudVorhZ vkSj leqnzorhZ 
izk;}hi½ esa ,e- ts- vks- ds lkFk ekuwlu i'p _rq esa vf/kd gksrh gSA blls ;g irk pyrk gS fd ekuwlu 
_rq ds nkSjku mRifRr dh laHkkouk pj.k 1] 7 vkSj 8 ¼vÝhdk] if’peh xkSyk?kZ vkSj iz’kkar egklkxj ds 
fudVorhZ Hkkxksa esa lfØ; ,e- ts- vks- ds lkFk mYys[kuh; :i ls nfer jgrh gSa] ekuwlu i'p _rq ds nkSjku 
pj.k 1] 7 vkSj 8 esa mRifRr vkSj lfØ; ,e- ts- vks- ds e/; dksbZ mYys[kuh; laca/k ugh gSA pj.k 4 vkSj 5 esa 
,e- ts- vks- ls laca} caxky dh [kkM+h ds e/; vkSj mRrjh Hkkx ds fupys Lrjksa ij vlaxr pØokrh lapj.k 
ekulwu _rq ds caxky dh [kkM+h esa pØokr dh mRifRr dh laHkkouk dks c<+krk gSA pj.k 1 esa ,e- ts- vks- ls 
laca} vlaxr iwohZ gok,¡ vkSj pj.k 7 vkSj 8 esa ,e- ts- vks- ls laca)  nf{k.k Hkkjr esa vlaxr fjt dk fodkl 
detksj ekulwu ds y{k.k gksrs gSa ftlls  bl _rq ds nkSjku mRrjh fgan egklkxj esa pØokr mRifRr nfer 
gksrh gSA pj.k 3 vkSj 5 esa lfØ; ,e- ts- vks- ds nkSjku bl {ks= esa nf{k.kh egksfeZ ls lca} caxky dh [kkM+h 
ds nf{k.k if’peh@if’peh e/; Hkkx esa pØokrh ifjlapj.k esa var% LFkkfir iwohZ gokvksa esa vlaxr mRrj & 
nf{k.kh nzks.kh laogu dks vf/kdre vuqdyre :i  ls izHkkfor djrk gS vkSj ekulwu & i'p _rq ds nkSjku 
mRrjh fgan egklkxj esa pØokr cuus dh lHkkouk dks c<+krk gSA  

 

pØokr fo{kksHkksa dh mRifRr vk;ke dh vis{kk pj.k ds izfr vf/kd laosnu’khy gksrh gS tcfd pØokr 
fo{kksHkksa dh rhozrk ,e-th-vks- ds vk;ke ij vf/kd fuHkZj gksrh gS ekulwu vkSj ekulwu i'p _rqvksa dh rqyuk 
djus ij ekulwu i'p _rq dh vis{kk ekuwlu _rq ds nkSjku ,e-th-vks- }kjk pØokr fo{kksHkksa dh mRifRr ds 
vuqdj.k] mudh rhozrk vkSj vof/k vf/kd gksrh gSA   

 
ABSTRACT.  The relationship of genesis and intensity of cyclonic disturbances (CDs) over the north Indian 

Ocean with the Madden – Julian Oscillation (MJO) has been examined using 33 years (1975 - 2007) data of MJO index 
and best track of (CDs) developed by India Meteorological Department (IMD). The MJO index based on outgoing long 
wave radiation (OLR) and zonal wind in upper (200 hPa) and lower (850 hPa) troposphere (Wheeler and Hendon, 2004) 
has been used for this purpose. 

 
The MJO strongly modulates the genesis and intensity of CDs over the north Indian Ocean. However there are 

other factors contributing to cyclogenesis over the north Indian Ocean, as about 60% of cyclogenesis during monsoon and 
post-monsoon seasons are not significantly related with MJO. While the probability of cyclogenesis during monsoon 
season is higher with MJO in phase 4 and 5 (Maritime Continent), that during post-monsoon season is higher with MJO 
in phase 3 and 4 (east Indian Ocean and adjoining Maritime Continent). It indicates that while possibility of genesis 
during monsoon season is significantly suppressed with active MJO at phase 1, 7 and 8 (Africa, western Hemisphere and 
adjoining Pacific Ocean), there is no significant relationship between genesis and active MJO at phase 1, 7 and 8 during 
post-monsoon season. The anomalous cyclonic circulation at lower levels over central and north Bay of Bengal in 
association with MJO at phase 4 and 5 favours enhanced probability of cyclogenesis over the Bay of Bengal during 
monsoon season. The anomalous easterlies in association with MJO at phase 1 and development of anomalous ridge over 
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south India in association with MJO at phase 7 and 8 which are weak monsoon features lead to suppressed cyclogenesis 
over north Indian Ocean during this season. The anomalous north-south trough in easterlies embedded with cyclonic 
circulation over the south west/west central Bay of Bengal in association with southerly surge over the region during 
active MJO in phase 3 and 4 most favourably influences the convection and enhances the probability of cyclogenesis over 
the north Indian Ocean during post-monsoon season.  

 
The genesis of CDs is more sensitive to phase than the amplitude while the intensification of CDs is more 

dependent on the amplitude of MJO. Comparing monsoon and post-monsoon seasons, the modulation of genesis, 
intensification and duration of CDs by the MJO is more during the monsoon season than the post-monsoon season.   

 
Key words ‒ Cyclonic disturbances, North Indian Ocean, Madden-Julian Oscillation.    
 
 

 

 
1.    Introduction    
 

The climatology of cyclonic disturbances (CDs) over 
the north Indian Ocean region (Fig. 1) indicates that 
virtually the entire Bay of Bengal and Arabian Sea are 
susceptible to the destructive landfalling CDs. More 
complete climatologies may be found in Cyclone e-Atlas 
published by India Meteorological Department (IMD, 
2008). Over the Sea, wind strength at the surface level is 
used as a criterion for classification of different intensities 
of cyclonic disturbances. As per the criteria of IMD, a CD 
is a depression if the wind speed is 17 - 27 knot (kt), a 
deep depression if the wind speed is 28 - 33 kt, a cyclonic 
storm if the wind speed is 34 - 47 kt, a severe cyclonic 
storm if the wind speed is 48 - 63 kt, a very severe 
cyclonic storm if the wind speed is 64 - 119 kt and a super 
cyclonic storm if the wind speed is 120 kt or more. 
Tropical cyclone (TC) is a generic name for all the storms 
with wind speed of 34 kt or more (IMD, 2003). 
 

The origins of the vast majority of CDs in the north 
Indian Ocean region can be found in the vicinity of the 
inter tropical convergence zone (ITCZ). Some of the CDs 
develop from the westward moving remnants from the 
northwest Pacific Ocean (Saha et al., 1981). The situation 
with cyclogenesis is more problematic than the movement 
forecasting. In this case, mechanisms such as complex 
scale interactions, processes at the air-sea interface, and 
diabatic heating profiles-all of which must be 
parameterized in current dynamical models-become 
critical and dominant factors. Accordingly, there is little 
skill involved in this aspect of forecasting based on 
dynamical models, especially in the medium range. 
  

Although the short lead time guidance is vital in the 
interests of saving lives, there is no doubt that guidance of 
expected CD activity in medium range (during 5-20 days 
in the future) would be a valuable asset. This is 
particularly true in the Bay of Bengal region, where CD 
formation close to the coasts can lead to rapidly 
developing threats. In these situations a level of 
preparation prior to the storm’s development is important, 
as there is often insufficient time once the storm has been 
identified. As dynamical prediction models do not 

currently provide much guidance at these lead times, a 
different approach is required. One possibility is through 
the establishment of relationships between long-period 
oscillations of the atmosphere and CD numbers. Less 
work has been undertaken on the modulation of CDs at 
the intra-seasonal timescale. Yet for many years there has 
been abundant evidence that CD formation is strongly 
modulated at these timescales as well. Gray (1979) studied 
each of the world’s CD basins, and found that the 
formation of TC is not evenly distributed in time within 
any particular season. Rather, cyclogenesis appears to 
occur in clusters. Periods of 1 or 2 weeks of active 
formation may produce as many as 10 cyclones, whereas 
the inactive periods of similar length may see no cyclones 
forming at all. The Madden-Julian oscillation (MJO) is a 
dominant mode of oscillation of the tropical troposphere 
at 30-50 day timescale (Madden and Julian, 1994) and 
explains a significant amount of variability in the 
circulation and convection on intra-seasonal timescale. 
The MJO can be summarized as an eastward-propagating 
disturbance of the tropical troposphere with zonal wave 
number 1 (Mathews, 2000). In the Eastern Hemisphere, it 
also interacts strongly with deep convection, with 
enhanced convective activity at all scales in the ‘‘wet’’ 
phase, and correspondingly suppressed convection in the 
‘‘dry’’ phase (Hendon and Liebmann, 1994). A distinct 
hierarchy of convective organization has been observed 
within the active phase of the MJO, with eastward-
propagating supercloud clusters with diameters of the 
order of 3000 km forming an envelope of enhanced 
mesoscale cloud cluster activity (Nakazawa 1988; Hendon 
and Liebmann 1994). As all CDs are initially formed from 
these convective cloud clusters (Kalsi, 2002), the 
modulation of activity during MJO passage is likely to be 
an important factor to cyclogenesis. However, the effect 
of the MJO on the dynamical parameters may also have an 
important role to play. 
  

Forecasters are aware of intra-seasonal variability in 
CD activity associated with the MJO, and do take this into 
account subjectively (Hanstrum et al., 1999). However, 
little quantitative research has been undertaken into the 
relationship. Storch and Smallegange (1991) and Hall et 
al. (2001) found significant modulation of TC numbers  in  
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Fig. 1. Frequency of tropical cyclonic disturbances over the north Indian Ocean 

 
 
 
 
the South Indian and North and South Pacific Oceans by 
the MJO. Liebmann et al. (1994) based on data of 10 
years also found increases and decreases in TC activity 
over north Indian Ocean and northwest Pacific Ocean 
between 60° E and 180° E that appeared to be consistent 
with the phase of the MJO. Further, they found that the 
ratio of storm and typhoon formed per depression are the 
same in the convective phase as the dry phase of MJO and 
hence, the intensification from depression to storm is not 
more likely during wet phase of MJO. Maloney and 
Hartmann (2001) found significant modulation of eastern 
north Pacific hurricane numbers and intensities by the 
MJO. Using low pressure systems (low + depression          
+ cyclone) data for 40 years, Goswami et al. (2003) have 
found that dry and wet spells of monsoon over India 
indeed arises from a space time clustering of the LPS and 
that the clustering is caused by a modulation of the large 
scale monsoon circulation by the intra seasonal oscillation 
including MJO. While Goswami et al. (2003) deal with 
LPS during monsoon season, Liebman et al. (1994) deal 
with the cyclonic disturbances during the year as a whole. 
The cyclonic disturbances mostly develop during 

monsoon (June - September) and post-monsoon (October - 
December) seasons over the north Indian Ocean. The 
disturbances developing in these two seasons are different 
from each other corresponding to area of genesis, 
circulating patterns and the intensification of the system. 
The aims of this study are to investigate into the 
modulation of formation and intensification of CDs on the 
north Indian Ocean by the MJO during monsoon season, 
post-monsoon season and the year as a whole. Although 
the major focus is on cyclogenesis (formation of 
depression), preliminary investigations into the 
intensification of depression into cyclone are also made. 
An observational, compositing approach is adopted, based 
on 33 years (1975 - 2007) of data for the above purpose. A 
particular goal of the study is to select an optimum 
temporal resolution of the MJO to allow these TC genesis 
patterns to be observed, while ensuring that the MJO 
evolution is slow enough to set a basic state for 
cyclogenesis. If the current intense research into the MJO 
produces techniques to improve its prediction, then such a 
relationship would have obvious benefits to forecasting of 
CDs over North Indian Ocean. 
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Fig. 2. Different phases of MJO (after Wheeler and Hendon, 2004) 

 
 
 
2.  Data and methodology 
 

In our study, we have taken MJO data from the 
Centre for Australian Weather and Climate Research, 
Australia (http://www.cawcr.gov.au). The MJO index is 
developed using Outgoing Longwave Radiation (OLR) 
and zonal wind (u) in upper (200 hPa) and lower (850 
hPa) troposphere (Wheeler and Hendon, 2004). The OLR 
data is taken as the daily averaged values from the polar 
orbiting satellites of National Oceanic and Atmospheric 
Administration (NOAA). Zonal wind data is taken from 
National Centre for Environmental Prediction (NCEP)-
National Center for Atmospheric Research (NCEP-
NCAR). Seasonal effect is removed from the MJO value. 
The empirical orthogonal function (EOF) analysis of the 
three fields, viz., OLR, Zonal wind at 850 hPa level (u850) 
and Zonal wind at 200 hPa level (u200) is done and two 
main principal components (PCs) of the two dominant 
EOFs are taken as Real-time Multivariate MJO series 1 
(RMM1) and Real-time Multivariate MJO series 2 
(RMM2). Considering MJO as eastward propagating 
system with lead-lag behavior of RMM indices, the status 
of MJO is described by a vector Z in two dimensional 
phase space diagram defined by RMM1 and RMM2. 

 
Z(t) = [RMM1(t), RMM2(t)] 
 
Amplitude (A) and angle φ of MJO is defined as 

(Matthews, 2000) 

A(t) = [RMM12(t) + RMM22(t)]1/2 
 
 
Φ(t) = tan-1[RMM2(t)/RMM1(t)] 
 
 
According to the angle of the MJO, eight different 

phase zones are defined. Angular width of each zone is 
45°. At each day, the MJO is assigned a phase number 
depending on the location of the MJO and amplitude 
depending on the strength of the MJO. Hence at any day, 
the MJO will be within one of the eight phase zones. 
According to Wheeler and Hendon (2004), phase 2 and 3 
corresponds to Indian ocean (Fig. 2), phase 4 and 5 
corresponds to Maritime Continent, phase 6 and 7 for 
western pacific and phase 1 and 8 corresponds to western 
hemisphere and Africa. 
 
 

In this study, the MJO index data of each day, i.e., 
MJO signal Amplitude and phase of each day are taken 
from 1975 to 2007 excluding the period from 17th March 
1978 to 31st December 1978 when index was not available 
due to non availability of OLR data. A time series is 
prepared with amplitude and phase of the MJO index for 
each day during the period 1975-2007. 
 

The region under consideration for the study of 
cyclogenesis, i.e., Bay of Bengal and Arabian Sea is 
shown in Fig. 1. The statistics of CD over the Bay of 
Bengal and the Arabian Sea from 1975 to 2007 have been 
taken from the best track data-set published as Cyclone E-
Atlas by IMD (2008). From these data-set a daily time 
series of the occurrence of CDs with different intensities 
have been prepared for the period of 1975-2007 (33 
years). For this purpose, when there is no CD over north 
Indian Ocean, it is considered as 0 for that day. The 
occurrence of depression/deep depression (D) and 
cyclonic storms (C) have been considered as 1 and 2 
respectively. Here depression and deep depression are 
considered as single category D and the occurrence of 
severe cyclonic storms (S) is considered as 3. The severe 
cyclonic storms also include very severe cyclonic storms 
and super cyclonic storms. Intensity of CD at 0300 UTC 
of a day is considered as the intensity of CD for that day.  
 
 

To know whether there is any bias for cyclogenesis 
and intensity towards a particular phase of MJO, statistical 
Z test is conducted following Hall et al. (2001) and 
Bessafi and Wheeler (2005). Assuming the hypothesis that 
cyclogenesis and intensity are uniformly distributed 
among all the days irrespective of the MJO phase of a 
particular day, the statistical Z test is applied to know 
whether any MJO phase has significantly (i) more or less 
number of cyclogenesis and (ii) higher/less no.  of cyclone  
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TABLE 1 
 

Number and probability of cyclogenesis (formation of D) in different phases of MJO 
 

Year as a whole Monsoon Season Post-monsoon Season MJO  
Phase (α) Days with α No. Probability (%) Days with α No. Probability (%) Days with α No. Probability (%)

1 1526 25* 1.64* 666 10* 1.50* 342 13 3.80 

2 1627 45 2.77 638 20 3.13 380 18 4.74 

3 1421 50 3.52 418 17 4.07 370 26* 7.03* 

4 1475 63* 4.27* 465 28* 6.02* 379 26# 6.86# 

5 1509 60* 3.98* 513 30* 5.85* 399 23 5.76 

6 1406 41 2.92 459 22 4.79 353 11 3.12 

7 1438 26* 1.81* 362 13 3.59 393 13 3.31 

8 1417 25* 1.76* 410 10 2.44 351 12 3.42 

Total 11819 335 22.66 3931 150 31.40 2967 142 38.03 

Average 1477.37 41.87 2.83 491.37 18.75 3.92 370.88 17.75 4.75 

 
* : Number of cyclogenesis and their probability significantly different from the average at 95 % level of confidence according to Z test. 
# : Same as * but at 90 % level of confidence. 

 
 
 
days than expected. The Z - test as computed separately 
for each category is given below: 
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Considering cyclogenesis, Po and Pe are the observed 

and expected fraction of days of cyclogenesis respectively 
in each phase of MJO and N is the number of days in that 
phase. Expected fraction of cyclogenesis is determined by 
dividing the total number of cyclogenesis by the total 
number of days. Similarly expected fraction of different 
intensities like D, C and S are determined by dividing the 
total number of D / C / S days by the total number of days. 
 

To analyse the relation between genesis and 
amplitude of MJO, the first day of occurrence of D, C, S 
and corresponding MJO amplitudes at different phases 
have been considered from the above mentioned two time 
series of MJO index and occurrence of CDs. Mean 
amplitudes of MJO at different phases with respect to 
genesis of D are calculated and compared with average 
amplitude of MJO in corresponding phases. Similarly, 
mean amplitudes of MJO at different phases with respect 
to all the days of D, C, S, C+S and D+C+S have been 
found out and compared with average amplitude at 
corresponding phases to analyse the relation between 
intensity and MJO. Student’s t-test has been applied for 
each phase of MJO to know whether the amplitudes of 
MJO vary significantly with respect to genesis and 

intensity of CDs from the average MJO amplitudes at 
corresponding phases. Further, the range of amplitude 
favourable for genesis and different intensities of CDs has 
also been found out and analysed.  
 

The genesis and intensity of CDs over the North 
Indian Ocean during monsoon season (June - September), 
post monsoon season (October - December) and year as a 
whole with respect to MJO have been analysed and 
discussed here in the above manner. The results obtained 
from the study are presented and analysed in Section 3 
and broad conclusions of the study are presented in 
Section 4. 
 
3.  Result and discussion 
 

Cyclogenesis in relation to phase and amplitude of 
the MJO index is presented in section 3.1 and 3.2 
respectively. The intensity of CDs in relation to phase and 
amplitude of MJO index is presented in section 3.3 and 
3.4 respectively. 
 

3.1.  Cyclogenesis in relation to phase of MJO 
 

Considering the first day when the system intensifies 
into a D as the day of cyclogenesis, the cyclogenesis days 
and the probability of cyclogenesis (fraction of 
cyclogenesis days to total number of days) corresponding 
to eight phases of MJO are calculated and analysed. The 
results are shown in Table 1. There is significant 
modulation  in  the  temporal  distribution  of cyclogenesis  
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Fig. 3. Composites of anomalies of OLR (W/m²) and 850hPa wind (m/s) for June, July and August (after Wheeler et al., 2009) 

 
 
 
during different phases of MJO. Out of total 335 genesis 
as D during the year as a whole, lowest number of 
cyclogenesis is associated with phase 1 and 8 (25 each) 
followed by phase 7 (26) and highest number of 
cyclogenesis is associated with phase 4 (63) followed by 
phase 5 (60) and phase 3 (50). According to the null 
hypothesis that all the events of cyclogenesis are 
uniformly distributed over the eight phases of MJO, the 
average probability of genesis is 2.83%, 3.92% and 4.75% 
during year as a whole, monsoon season and post 
monsoon season respectively. However, the cyclogenesis 

probabilities at phase 4 and 5 are significantly higher for 
year as a whole and monsoon season and at phase 3 and 4 
for post monsoon season. Considering phases 4 and 5 
together, the genesis of 123 out of 335 (37%) Ds take 
place in these phases for year as a whole. However, it is 
found that probability of cyclogenesis in phase 1, 7 and 8 
are much below the average and significant at 95% level 
of confidence. Similarly considering the unfavourable 
phases of MJO, viz., 1, 7 and 8 together, about 23% (76 
out of 335) of total genesis of Ds takes place in these 
phases. The cyclogenesis is  significantly less at 95% level  
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Fig. 4. Composites of anomalies of OLR (W/m²) and 850hPa wind (m/s) for September, October and November (after Wheeler et al., 2009) 

 
 
 
 
of confidence with active MJO over phase 1 for the 
monsoon season. Only 10 cyclogenesis have taken place 
out of 150 with MJO in phase 1 and about 22% genesis 
takes place with MJO in phase 1, 7 and 8. However out of 
total 150 cyclogenesis, about 58 (39%) takes place during 
active phase of MJO lying in phase 4 and 5. Considering 
post monsoon season, active MJO in phase 3 and 4 
contribute to 52 genesis out of 142 (37%) whereas active 
MJO over other phases is not significantly related to 
cyclogenesis unlike that during monsoon season and year 

as a whole. It indicates that while possibility of genesis 
during monsoon season is significantly suppressed with 
active MJO at phase 1, 7 and 8, there is no significant 
relationship between genesis and active MJO in phase 1, 7 
and 8 during post-monsoon season. 
 

All the above results indicate that though the MJO 
modulates the cyclogenesis pattern, there are other factors 
contributing to cyclogenesis, as about 60% of total genesis 
are not significantly related with the MJO phases. 
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To analyse the physical processes behind the 
relationship between MJO index and genesis, the 
composite OLR anomalies and 850 hPa wind (Wheeler et 
al., 2009) corresponding to different phases of MJO have 
been analysed and presented in section 3.1.1 and 3.1.2 for 
monsoon and post-monsoon seasons respectively. 
 

3.1.1.  Circulation pattern during monsoon season in 
association with MJO 

  
The representative composite OLR anomaly and    

850 hPa wind distribution for the months of June - August 
representing monsoon season are shown in Fig. 3. During 
phase 1, easterly anomalies prevail over Indian region at 
850 hPa level with ITCZ near about 10° S resulting in 
enhanced convection over southern hemisphere and 
suppressed convection over Indian region. As the MJO 
propagates to phase 2, similarly easterly anomalies prevail 
over Indian region, but with ITCZ and associated 
convection moving northward near to the equator. At the 
same time, easterly anomaly reduces near Somalia coast. 
With MJO at phase 3, cross equatorial south westerly flow 
increases over the Arabian Sea and ITCZ lies near 10° N 
across extreme south peninsula, leading to further 
northward propagation of convection near to this region. 
An embedded cyclonic circulation lies over south east and 
adjoining east central Arabian Sea, which may lead to 
cyclogenesis over this region. The cross equatorial flow 
further strengthens with MJO at phase 4, as a result the 
strong south westerlies prevail over Arabian Sea up to   
15° N with axis of ITCZ lying along 18° N. An anomalous 
cyclonic circulation at 850 hPa level develops also over 
the west central Bay of Bengal at this phase. As the MJO 
moves to phase 5, the cross equatorial south westerly flow 
continues to be stronger and spread up to northern part of 
central Arabian Sea and ITCZ roughly runs along 20° N. 
The anomalous cyclonic circulation then lies over north 
Bay of Bengal and adjoining east central India. With MJO 
at phase 6, the ITCZ moves further north lying close to 
25° N. Accordingly westerly anomalies prevail over the 
entire north Indian Ocean suppressing development of any 
circulation over the oceanic region. It also leads to 
reduction in convection over the monsoon trough region 
in Bay of Bengal unlike that with phase 4 and 5. The 
persistent convection in association with the cyclonic 
circulation is the essential condition for cyclogenesis over 
this oceanic region (IMD, 2003). The circulation pattern 
becomes further unfavourable for cyclogenesis with MJO 
at phase 7 and 8, as a ridge appears over the peninsular 
India. It leads to dry and cold mid-latitude westerlies 
penetrating into central and north Bay of Bengal which 
inhibits cyclogenesis over this region (Rao, 1976; 
Ramamurthy, 1969). Hence the circulation patterns 
associated with phase 4 and 5 are most favourable for 
cyclogenesis over north Indian Ocean, especially over the  

TABLE 2 
 

Average amplitude of MJO at different phases  
during cyclogenesis days 

 

Average amplitude during MJO 
Phase Year as a whole Monsoon season Post-monsoon season 

1 1.17 1.11 1.28 

2 1.12 1.02 1.23 

3 1.28 1.01 1.29 

4 1.25 1.19 1.29 

5 1.33 1.28 1.38 

6 1.2 1.3 1.06 

7 1.04 1.09 0.99 

8 0.91 0.89 0.86 

Mean 1.2 1.14 1.21 

 
 
 

 
central and northern part of Bay of Bengal. These findings 
on the associated circulation pattern and convections 
during different phases of MJO endorse the earlier 
findings of Pai et al. (2009). 
 

3.1.2. Circulation pattern during post-monsoon 
season in association with MJO 

 
Strong easterly anomalies prevail over north Indian 

Ocean in association with phase 1 of MJO during post 
monsoon season (Fig. 4) like that during monsoon season 
and the ITCZ lies roughly along 5° S over Indian Ocean. 
Similar circulation pattern continues with MJO in phase 2 
but ITCZ lying along 5° N over the west equatorial Indian 
Ocean. An embedded trough extends from west equatorial 
Indian Ocean to central Arabian Sea. As the MJO moves 
to phase 3, the ITCZ over Arabian Sea moves to about 12° 
N and extends to southwest Bay of Bengal across southern 
peninsula. Also the north-south trough runs from 
southwest Bay of Bengal to north peninsula. The easterly 
wind anomaly over the Bay of Bengal changes to 
southerlies. When the MJO lies in phase 4, ITCZ further 
moves to 20° N over the Arabian Sea and extends to 
southwest Bay of Bengal across peninsular India. An 
anomalous cyclonic circulation lies over south west and 
adjoining west central Bay of Bengal. In its association 
southerly to southwesterly anomalies prevail over the Bay 
of Bengal. Strong southerly surges over the Bay of Bengal 
leads to cyclonic circulation in association with northward 
propagation of ITCZ and these are the pre-requisites for 
the development of cyclogenesis (IMD, 2003). With the 
MJO in phase 5, the ITCZ moves further north, strong 
westerly   anomalies   prevail   over  north   Indian   Ocean  
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Figs. 5(a-c).  Frequency distribution of cyclogenesis with respect to amplitude of MJO at phase 2, 3, 4, 5, 6 and all phases together 
during (a) year as a whole, (b) monsoon and (c) post-monsoon season 
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TABLE 3(a) 
 

Number of days and probability of different intensities of CDs with respect to different phases of MJO during year as a whole 
 

D days C days S days C+S days 
MJO   

Phase (α) 
No. of days 

with  α 
No. of days Probability (%) No. of days Probability (%) No. of days Probability (%) No. of days Probability (%)

1 1526 59* 3.87* 15# 0.98# 18 1.18 33 2.16 

2 1627 124 7.62 25 1.54 22 1.35 47 2.89 

3 1421 133* 9.36* 32* 2.25* 21 1.48 53* 3.73* 

4 1475 163* 11.05* 33* 2.24* 32* 2.17* 65* 4.41* 

5 1509 181* 11.99* 34* 2.25* 24 1.59 58* 3.84* 

6 1406 137* 9.74* 20 1.42 19 1.35 39 2.77 

7 1438 66* 4.59* 10* 0.70* 7* 0.49* 17* 1.18* 

8 1417 67* 4.73* 15 1.06 11 0.78 26* 1.83* 

Total 11819 930  184  154  338  

Mean 1477 116.2 7.87 23 1.56 19.3 1.30 42.3 2.86 

 
* : Number of days and probability significantly different from the average at 95% level of confidence according to Z test. 
# : Same as * but at 90% level of confidence. 

 
 
 

TABLE 3(b) 
 

Number of days and probability of different intensities of CDs with respect to different phases of MJO during monsoon season 
 

D days C+S days 
MJO Phase (α) No. of days with α 

No. of days Probability (%) No. of days Probability (%) 

1 666 28* 4.2* 9 1.35 

2 638 55* 8.62* 6 0.94 

3 418 68* 16.27* 8 1.91 

4 465 76* 16.34* 17* 3.66* 

5 513 90* 17.54* 9 1.75 

6 459 85* 18.52* 8 1.74 

7 362 45 12.43 0 0 

8 410 32* 7.8* 0 0 

Total 3931 479  57  

Mean 491.37 59.88 12.72 7.125 1.42 

 
* : Number of days and probability significantly different from the average at 95% level of confidence according to Z test. 
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TABLE 3(c) 
 

Number of days and probability of different intensities of CDs with respect to different phases of MJO during post monsoon season 
 

D days C days S days C+S days 
MJO    

Phase (α) 
No. of days 

with  α 
No. of days Probability (%) No. of days Probability (%) No. of days Probability (%) No. of days Probability (%)

1 342 27* 7.89* 7 2.05 6 1.75 13* 3.8* 

2 380 56 14.74 16 4.21 13 3.42 29 7.63 

3 370 59* 15.95* 17 4.59 17# 4.59# 34* 9.19* 

4 379 68* 17.94* 18 4.75 16 4.22 34# 8.97# 

5 399 76* 19.05* 19 4.76 13 3.26 32 8.02 

6 353 31* 8.78* 10 2.83 9 2.55 19 5.38 

7 393 18* 4.58* 6* 1.53* 7 1.78 13* 3.31* 

8 351 29* 8.26* 13 3.7 7 1.99 20 5.7 

Total 2967 364  106  88  194  

Mean 370.88 45.5 12.15 13.25 3.55 11 2.95 24.25 6.5 

 
* : Number of days and probability significantly different from the average at 95 % level of confidence according to Z test. 
 # : Same as * but at 90 % level of confidence. 

 
 

3.2.  Cyclogenesis in relation to amplitude of MJO against the climatological easterlies. The westerly 
anomaly continues and becomes stronger over the north 
Indian Ocean with an anomalous anticyclonic circulation 
over southeast Arabian Sea during phase 6 of MJO. This 
anticyclonic circulation anomaly moves northward and 
lies over central part of Arabian Sea and adjoining 
peninsula during phase 7 of MJO. As a result, the mid 
latitude dry and cold westerlies prevail over the Oceanic 
region which supress the cyclogenesis. Similar pattern 
continues in phase 8 of MJO with further northward 
movement of anticyclonic circulation anomaly and 
reappearance of easterlies up to southern part of Bay of 
Bengal and Arabian Sea without any embedded north-
south trough. The ITCZ (the north equatorial trough) also 
continues to be absent over north Indian Ocean region 
through phase 6 - 8 like that in phase 1. The associated 
convection strengthens/weakens and propagates 
northward in accordance with the variation of circulation 
pattern as discussed above. It all indicates that the 
anomalous north-south trough in easterlies embedded with 
cyclonic circulation over the south west/west central Bay 
of Bengal in association with southerly surge over the 
region during active MJO in phase 3 and 4 most 
favourably influences the convection and enhances the 
probability of cyclogenesis over the north Indian Ocean 
during post-monsoon season.    

 
The mean amplitudes of MJO in different phases 

with respect to cyclogenesis days during monsoon season, 
post monsoon season and year as a whole are analysed 
and salient results are presented in Table 2. It indicates 
that the mean amplitude for any phase of MJO is >1 
during the cyclogenesis days except for phase 8 during 
monsoon season and phase 7 and 8 during post monsoon 
season. 
 

To find out further the favourable ranges of 
amplitude associated with genesis, the amplitude of MJO 
has been split into three ranges, viz., (i) 0 - < 0.5, (ii) 0.5 
to 1.0 and (iii) > 1.0. Number of cyclogenesis days for 
each interval is calculated for each phase separately. 
However, the results for the phases 2, 3, 4, 5 and 6 are 
presented [Figs. 5(a-c)]. It is found that quite a significant 
number of cyclogenesis takes place with the weak MJO 
(amplitude < 1) in different phases as described by 
Wheeler and Hendon (2004). The cyclogenesis also takes 
place even with weak amplitude of MJO in favourable 
phases. More than one third (36%) of total genesis in 
phase 4 and 5 for the monsoon season occurs with 
amplitude < 1. It indicates that the phase is more 
important than amplitude of MJO. Further it  indicates that  
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TABLE 4(a) 
 

Mean amplitudes of MJO with respect to different intensities of CDs 
during year as a whole 

 

MJO  Mean amplitude of MJO 

Phase All Days C days S days C+S days 

1 1.24 1.04* 1.27 1.16 

2 1.21 1.13 1.8* 1.44* 

3 1.3 1.23 1.57* 1.37 

4 1.22 1.36# 1.37* 1.37* 

5 1.29 1.62* 1.54* 1.58* 

6 1.3 1.22 1.31 1.26 

7 1.26 0.7* 0.73* 0.71* 

8 1.3 1.17 1.01# 1.1* 

 
*   :  Amplitude significantly different at 95 % level of confidence 

according to student’s t-test from the mean amplitudes of the 
respective phases. 

#   :  Same as * but at 90 % level of confidence. 
 
 

TABLE 4(b) 
 

Mean amplitudes of MJO with respect to different  
intensities of CDs during monsoon season 

 

MJO  Mean amplitude of MJO 

Phase All days C+S days 

1 1.2 1.26 

2 1.09 1.68* 

3 1.02 1.26# 

4 1.03 1.44* 

5 1.28 1.7* 

6 1.25 1.89* 

7 1.11 No C/S 

8 1.17 No C/S 

 
*    :  Amplitude significantly different at 95 % level of confidence 

according to student’s t test from the mean amplitudes of the 
respective phases. 

#    :  Same as * but at 90 % level of confidence. 

 
 
the genesis is less dependent on amplitude during post-
monsoon season compared to monsoon season, as about 
44% of total genesis in association with favourable phases 
(3 & 4) during post-monsoon season occur with amplitude 
< 1. However, when the amplitude of MJO is less than 
0.5, the frequency of cyclogenesis over north Indian 
Ocean is very negligible as 10% of total genesis occurs in 
the favourable phase of 4 and 5 in monsoon and 3 and 4 in 
post-monsoon season.  

TABLE 4(c) 
 

Mean amplitudes of MJO with respect to different intensities of CDs 
during post-monsoon season 

 

Mean amplitude of MJO MJO        
Phase All days C days S days C+S days 

1 1.2 1.09 1.02 1.05# 

2 1.23 1.11 1.92* 1.5* 

3 1.32 1.18 1.69* 1.44 

4 1.21 1.29 1.38# 1.34# 

5 1.29 1.34 1.42 1.37 

6 1.29 1.19 1.38 1.28 

7 1.12 0.49* 0.73* 0.62* 

8 1.18 1.05 0.76* 0.95* 

 
*   :  Amplitude significantly different at 95 % level of confidence 

according to student’s t test from the mean amplitudes of the 
respective phases. 

#   :  Same as * but at 90 % level of confidence. 

 
 

3.3.  Intensity of CDs in relation to MJO phases 
 
The intensity of CD with respect to MJO has been 

analysed by calculating the number of days of CD with 
different intensities like D, C and S with respect to 
different phases of MJO during year as a whole, monsoon 
season and post monsoon season. The results are 
summarized in Tables 3(a-c). There is strong modulation 
in the distribution of intensity of CD during the different 
phases of MJO. There are 1268 CD days out of total 
11819 days considered for the study. If the CD days 
would have been distributed uniformly, the percentage of 
occurrence of these days would have been 10.73% 
[(1268/11819)*100)] for all phases (not shown) during a 
year. Similarly, if D, C, S and C+S days would have been 
distributed uniformly, the percentage of occurrence of 
these days would have been 7.87%, 1.56%, 1.30% and 
1.86% respectively during year as a whole. But it is found 
that phase 3, 4, 5 and 6 have significantly higher 
percentage of occurrence whereas phase 1, 7 and 8 have 
significantly lower percentage of occurrence of D days 
during year as a whole according to Z test [Table 3(a)]. 
Similarly, probability of C days is higher in phase 3, 4 and 
5 and less in phase 1 and 7. The number of S days 
significantly increases in association with phase 4 and 
decreases in association with phase 7 of MJO. 
Considering both C and S days together (C+S days), they 
have preference to phase 3, 4 and 5. There is significantly 
lower probability of occurrence of these days at phase 7 
and 8. About 52% of total C and S days occur in 
association with phase 3, 4 and 5 and 22% occur in phase 
1, 7 and 8. Hence, the  probability  of  intensification  of  a  
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Fig. 6.  Frequency distribution of C+S days with respect to amplitude of MJO at  phase 2, 3, 4, 5, 6 and all phases together 
during year as a whole, monsoon and post monsoon season 
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depression into a cyclonic storm is higher with MJO in 
phase 3, 4 and 5 and less with MJO in phase 1, 7 and 8. 
The possibility of intensification into a severe cyclone (S) 
is higher with MJO in phase 4 and less with MJO in phase 
7. Further, it indicates that like genesis, the intensity of the 
CDs are governed by some other factors apart from MJO. 
 

During monsoon season, the frequency of C and S 
are very less, as only 21 Cs and 9 Ss developed during the 
period under study. Similarly, the number of C days and S 
days during monsoon season are also very less, being 36 
and 21 respectively. Hence the sample is not sufficient 
enough to analyse the characteristics of MJO association 
with the intensification of the system into severe cyclonic 
storm. Therefore, the total number of C and S days and 
hence the intensification of D into C/S has been 
considered and analysed for the monsoon season. The 
number of D days is significantly higher with MJO in 
phase 3, 4, 5, 6 and less with MJO in phase 1, 2 and 8 
during monsoon season. The probability of intensification 
from D to C is significantly higher with MJO in phase 4 
[Table 3(b)]. There have been no C or S days in 
association with phase 7 and 8. Hence MJO at phase 7 and 
8 during monsoon season completely suppresses the 
intensification of D into C. 
 

Considering post-monsoon season Table 3(c), 
number of C+S and S are 63 and 44 respectively. There 
are 106 C days, 88 S days and 194 C+S days during the 
post-monsoon season. Hence, it is a good sample to 
present the result. The number of D days is significantly 
higher with MJO in phase 3, 4, 5 and less with MJO in 
phase 1, 6, 7, 8 during this season. The number of C+S 
days is significantly higher with MJO in phase 3 & 4 and 
less with MJO in phase 1 & 7. It indicates that probability 
of intensification and the average duration in C/S stage 
and hence life period of the cyclone is higher with MJO in 
phase 3 and 4 and less with MJO in phase 1 and 7 during 
post-monsoon season.  
 

3.4.  Intensity of CDs in relation to MJO amplitudes 
 

Summary of mean amplitudes of MJO with respect 
to D, C and S days during year as a whole,         
monsoon season and post monsoon season are shown in 
Tables 4(a-c). Considering C days, the amplitude is 
significantly less than the normal at phase 1 & 7 and 
higher at phase 4 & 5 during year as a whole [Table 4(a)]. 
The amplitudes are significantly higher than the normal 
amplitude at phase 2, 3, 4 & 5 and less at phase 7 & 8 in 
case of S days. Considering monsoon season, the mean 
amplitude is significantly higher in phase 2, 3, 4, 5 and 6 
during C+S days [Table 4(b)]. Hence higher amplitude of 
MJO in phase 2, 3, 4, 5 and 6 may lead to intensification 
of D into C/S during monsoon season. Significantly 
higher amplitude in phase 2, 3 and 4 and less amplitude   

(< 1.0) in phase 7 and 8 leads to intensification  of D into 
S during post-monsoon season. There is no significant 
difference in amplitude for intensification of D into C 
except that the lower amplitude at phase 7 can lead to 
intensification of D to C during this season [Table 4(c)]. 

    

(ii) While the probability of cyclogenesis during 
monsoon season is higher with MJO in phase 4 and 5 
(Maritime Continent), that during post-monsoon season is 
higher with MJO in phase 3 and 4 (east Indian Ocean and 
adjoining Maritime Continent). It indicates that while 
possibility of genesis during monsoon season is 
significantly suppressed with active MJO at phase 1, 7 and 
8, there is no significant relationship between genesis and 
active MJO at phase 1, 7 and 8 during post-monsoon 
season.  

 
Considering different ranges of amplitude, the C+S 

days with amplitude of MJO less than 0.5 is negligible in 
case of monsoon season (Fig. 6). There is only 1 C+S day 
(2%) out of total 55 C+S days for the whole monsoon 
season. Only 6 (11%) C+S days occur within the 
amplitude range 0.5 to 1.0. But 48 (87%) C+S days occur 
when amplitude is greater than 1.0. So for the monsoon 
season, it may be assumed that the favourable range of 
amplitude for intensification is >1.0. 

 
In the post-monsoon season, 16 (8%), 60 (31%) and 

118 (61%) C+S days occur in the amplitude range <0.5, 
0.5 – 1.0 and >1.0 respectively. So unlike monsoon 
season, the intensification of the D into C/S can occur 
with lower amplitudes (<1.0) during post-monsoon 
season. 

 
4.  Conclusions 
 

Following broad conclusions are drawn from the 
above results and discussion: 
 
(i) The MJO strongly modulates the genesis and 
intensity of CDs over the north Indian Ocean. However, 
there are other factors contributing to cyclogenesis over 
the north Indian Ocean, as about 60% of cyclogenesis 
during monsoon and post-monsoon seasons are not 
significantly related with MJO. 
 

 
(iii) The anomalous cyclonic circulation at lower levels 
over central and north Bay of Bengal in association with 
MJO at phase 4 and 5 favours enhanced probability of 
cyclogenesis over the Bay of Bengal during monsoon 
season. The anomalous easterlies in association with MJO 
at phase 1 and development of anomalous ridge over south 
India in association with MJO at phase 7 and 8 which are 
weak monsoon features lead to suppressed cyclogenesis 
over north Indian Ocean during this season. The 
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anomalous north-south trough in easterlies embedded with 
cyclonic circulation over the south west/west central Bay 
of Bengal in association with southerly surge over the 
region during active MJO in phase 3 and 4 most 
favourably influences the convection and enhances the 
probability of cyclogenesis over the north Indian Ocean 
during post-monsoon season.    
 
(iv) The genesis of CDs is more sensitive to phase than 
the amplitude. Further genesis is less dependent on 
amplitude during post-monsoon season than monsoon 
season. About 36% and 44% of total cyclogenesis in the 
favourable phases as mentioned above can occur with 
amplitude < 1 for monsoon and post-monsoon season 
respectively. However, the frequency of cyclogenesis is 
negligible (about 10% of total genesis) with amplitude of 
MJO < 0.5 in the favourable phases.  
 
(v) The probability of intensification and C+S days are 
more dependent on amplitude than on phase. The 
probability of intensification and C+S days are higher 
with higher amplitude of MJO in phase 2, 3, 4, 5 & 6 and 
lies with higher amplitude of MJO at phase 7 and 8 during 
monsoon season. About 87% of total number of C/S days 
occurs with the amplitude > 1 during monsoon season. 
The higher amplitude in phase 2, 3, 4 and less amplitude 
in phase 7 and 8 are favourable for intensification of D 
into C/S & higher C+S days during post-monsoon season. 
However, the intensification can occur with lower 
amplitude (<1.0) as about 47% of total C and S days 
occuring with amplitude of < 1.0 in the phase 2, 3, 4 and 5 
during this season. Hence like the genesis, the 
intensification and duration of the CDs are less dependent 
on the amplitude during post-monsoon season than the 
monsoon season.  
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