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Abstract

Tropical Easterly Jet (TEJ) of summer monsoon over the north Indian Ocean is 

weakening in recent years. The absolute easterly shear shows a strong negative 

correlation (significant at 99.9% level by students’ two sided t-test) with the number of 

severe storms suggesting that a decrease in easterly shear is favorable for the formation of 

more severe tropical storms. For the first time in recorded history a category 5 Hurricane 

formed in June 2007 together with two more severe tropical storms over the north Indian 

ocean. Thus if the present decreasing trend of TEJ intensity continues there is a strong 

likelihood of the formation of tropical cyclones of hurricane intensity even during the 

summer monsoon. Presently these intense systems are known to form only in the pre and 

post monsoon seasons, when the vertical wind shear is small. 
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1. Introduction 

Many studies suggested (Aravequia et al, 1995; Moorthi and Arakawa, 1985; 

Mishra and Salvekar, 1980; Shukla, 1977, 1979) that the mechanism for the generation of 

the monsoon depressions over the north Indian ocean which occur during the period June 

through September is baroclinic instability of tropical easterly jet (TEJ) and the higher 

shear is favorable for higher growth rates and larger number of depressions. While in a 

land mark paper (Gray, 1968), it was suggested that the tropical cyclones of hurricane 

intensity over several ocean basins including the north Indian ocean basin occur only 

when the vertical wind shear is small (around 10 m s
-1

 between 950 – 200 hPa, according 

to Zehr, 1992). In another study (De Maria, 1996), using observational and theoretical 

analysis it was shown that weaker vertical shear is favorable for the tropical cyclone 

development and intensification. Weaker tropospheric vertical wind shear is shown to be 

an important factor for the development of intense or major hurricanes in the Atlantic 

basin (Klotzbach and Gray, 2006).  In a recent study, Rao et al. (2004) found that the TEJ 

strength during the Asian summer monsoon season shows a strong decreasing trend in 

recent years. It is known that tropical cyclones of hurricane intensity occur in the North 

Indian Ocean basin only during the pre and post monsoon period. This is probably 

because of the small vertical shear that occurs in these seasons. While during the summer 

monsoon season the vertical (easterly) shear is strong and prevents the formation of 

cyclones of hurricane intensity. But the decrease of vertical shear associated with the 

decrease of TEJ strength (Rao et al., 2004) might generate conditions favorable for the 
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development of cyclones of hurricane intensity over the north Indian ocean basin even 

during the summer monsoon season. For the first time in recorded history a category 5 

super cyclone (> 135 kts) (WMO, 2007) and two more severe tropical storms (STS) (> 48 

kts) formed in June 2007. The TEJ is a typical characteristic of the north Indian ocean 

summer climate. The weakening of TEJ indicates a change of climate in this region. 

Thus, the purpose of the present paper is to investigate the relationship between the 

weakening of TEJ strength and the formation of STS in this region.  

2. Data

The data used in this study were: wind and temperature data for the period 1950-

2007 obtained from the NCEP-NCAR (National Centers for Environmental 

Predictions/National Center for Atmospheric Research) reanalysis data set (Kalnay et al., 

1996) and data for the cyclonic systems over the north Indian ocean for the same period 

obtained from the Indian Meteorological Department (IMD) (1979, 1996, 2007).  

Depressions and severe storms are defined according to the wind intensity up to 33 knots 

and greater than 48 knots respectively (IMD, 1979). In addition, we used the recent data 

of Kanamitsu et al. (2002) for the period 1979-2007. Also the sea surface temperatures 

(SSTs) for the north Indian ocean were obtained from 

http://jisao.washington.edu/data_stes/#surface_temperature_gridded_data_sets. 

3. Results 

Figure 1 displays the average vertical wind shear (VWS) (zonal wind, U at 200 

hPa minus U at 850 hPa) for the region 0 -5 N and 40 -100 E (R1) for the period 1950-
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2007 and computed from the NCEP/NCAR reanalysis data (Kalnay et al., 1996). Also 

shown is the VWS for the same region for the recent period 1979-2007 computed from 

the NCEP/DOE data (Kanamitsu et al., 2002). The correlation coefficient (cc) between 

the two variables is 0.94 significant at the 99.9% confidence level by students’ two sided 

t-test. This demonstrates the usability of the NCEP/NCAR reanalysis from 1950 onwards. 

This figure presents a clear decreasing trend of the shear. The linear trend shows a 

decrease of 6 m s
-1

 in this period, which is significant at 99.9% confidence level. 

Figure 2 presents VWS anomalies for the period 1950-2007. Also shown are the 

STS for the same period. A careful examination of the negative anomalies (blue bars) 

shows the decreasing tendency. In particular from about the year 2001 all the anomalies 

are positive. Thus, this figure clearly shows the weakening of the TEJ in recent years. 

That the weakening of the TEJ is a robust feature has been demonstrated by 

Satyiamoorthy (2005) using different data sets including radiosonde data.

 We computed cc between the absolute VWS and the frequency of STS for the 

period 1950-2007. In addition to region R1, the regions R2 (5 N-15 N) and R3 (15 N-

20 N) for the same longitude belt as R1 are also used to calculated cc values. 

Table 1 shows the correlation between the absolute VWS over two different layers and 

frequency of depressions and STS for the period 1950-2007. It is seen in the table that the 

correlation between the number of depressions and the absolute VWS is positive and 

highly significant, i.e. higher easterly wind shear generates more depressions. This is in 

agreement with the results of authors (Aravequia et al., 1995; Morthi and Arakawa, 1985; 

Mishra and Salvekar, 1980; Shukla, 1977, 1978) who suggested that the baroclinic 

instability of TEJ is the mechanism of generation of monsoon depressions. Interestingly, 
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on the other hand the correlation between the absolute shear and the frequency of the 

severe storms is negative (and highly significant), i.e. lower shear is favorable for the 

higher number of STS. Last column of Table 1 clearly shows that over north Indian ocean 

basin even during summer monsoon a lower shear is favorable for STS.  To our 

knowledge this result is new and not noted in earlier studies. The values of cc for the 

recent period 1979-2007 for R1, R2 and R3 are, respectively, -0.34, -0.53** and -0.39*. 

Since 1979, with the advent of weather satellites both the determination of VWS and the 

monitoring of the tropical cyclones have improved. Thus, negative correlation noted in 

the last column of Table 1 strongly suggests that the decreasing trend of the TEJ favors 

the formation of intense cyclonic systems in future over the North Indian Ocean basin 

even during the summer monsoon season. 

 Severe tropical cyclonic systems of hurricane intensity are known to occur only during 

pre- (April and May) and post-monsoon (October and November) seasons when the 

vertical wind shear is within Zehr threshold value (Gray, 1968; Zehr, 1992). Fig. 3 

presents the monthly variation of VWS for R1, R2 and R3 regions and the total number of 

STS for the period 1950-2007. There are two maxima in STS, in May and November, the 

November maxima being higher. The ccs between the monthly variation of absolute 

VWS for the 3 regions and the number of STS are respectively 0.01, -0.42 and -0.69**. 

This again suggests that lower VWS is favorable for the intensification of STS. With the 

above noted decreasing trend of wind shear, the season of tropical cyclones of hurricane 

intensity might extend in future to the months of June and September because of 

presently existing lesser wind shear in these months compared to that of July and August. 
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Severe cyclonic storms in the recent years (one of category 5) occurred in June 2007, thus 

supports this conclusion. 

Earlier, Rao et al. (2004) found a strong negative correlation between the TEJ 

strength (negative values of zonal wind) and the number of Bay of Bengal cyclonic 

systems of which monsoon depressions form a major part. That is, the number of 

monsoon depressions tends to decrease with the decrease of TEJ strength. The positive 

correlation between the absolute vertical shear of TEJ and monsoon depressions in Table 

1 confirms this result. The negative correlation in the last column of Table 1, as 

mentioned earlier, suggests that the severe tropical storms tend to increase with the 

decreasing TEJ. This decrease of monsoon depressions and increase of severe storms 

seem to be associated with the decrease of moderate rain events and increase of extreme 

rain events during 1981-2000 noted by Goswami et al. (2006). Thus the tendency to 

increase severe storms together with the increase of extreme rain events increases 

substantially the disaster potential in this region. 

 Another parameter which plays an important role, at least in the beginning of the 

intensification of tropical cyclones is the SST (Gray, 1968; Emanuel, 2005). However, 

several recent papers (Nyeberg et al., 2007; De Maria, 1996) suggest that the VWS plays 

the deciding role in the subsequent intensification to the hurricane stage. In any case, it 

would be interesting to examine the role of SST in the development of STS and monsoon 

depressions. The ccs between SST and the number of STS for the 3 regions and for the 

period 1950-2007 are respectively 0.2, 0.23 and 0.17. None of these values is statistically 

significant. However, the positive correlation suggests that SST has some role to play. 
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To see how SST affects monsoon depressions, we computed the cc between the 

number of monsoon depressions during the period 1950-2007 and SST. These values for 

R1, R2 and R3 are -0.44***, -0.39** and -0.3*, respectively. This shows that the higher 

values of SST inhibit the formation of monsoon depressions. In an earlier paper, Haltiner 

(1967) showed that sensible heat reduces the baroclinic instability of short and medium 

scale waves, such as the monsoon depressions. These results showed that the VWS and 

SST have opposite roles to play for the development and intensification of STS and 

monsoon depressions. That is, the decrease of VWS associated with weakening of TEJ is 

favorable for the higher number of STS and lower number of depressions. Similarly, the 

increase of SST is slightly favorable (because the cc between SST and the number of STS 

is not significant) but highly significantly reduces monsoon depressions. In a recent paper 

(Dash et al., 2007) noted that the number of weak low pressure systems (wind speed less 

than 8.5 m s
-1

) have increased while depressions and cyclonic storms decreased. Note that 

Dash et al. (2007) have included depressions and STS together. Here in the present paper 

we separated them. We showed that the physical mechanisms responsible for the 

development are different for depressions and STS, thus justifying the separation. 

However, since STS form a small part of the total, Dash et al. (2007) result suggests that  

the intensification mechanism for the development into monsoon depression stage from 

weak low pressure systems, namely baroclinic instability, is reducing. This we showed in 

the present paper is due to the weakening of the TEJ. But, the relatively small number of 

depressions which developed from lows encounter a necessary condition, namely weak 

VWS, in recent years and intensified into STS. The number of STS in the recent decade 

1998-2007 was 6, while in the earlier decade 1989-1998 it was 3! Considering the 
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destructive potential of these storms this increase (doubling) is disastrous for the large 

fraction of global population in the Indian subcontinent and adjacent regions. 

4. Conclusions 

The TEJ strength during the summer monsoon period of June through September 

shows a strong decreasing trend in recent years. There is a strong negative correlation 

(significant at 99.9% confidence level) between the absolute easterly shear and the 

number of severe storms suggesting that a decrease in easterly shear is favorable for the 

formation of more severe storms. This suggests that if the present decreasing trend of TEJ 

intensity continues there is a strong likelihood of the formation of tropical cyclones of 

hurricane intensity even during the summer monsoon. At present these severe storms 

occur in pre and post monsoon seasons. 
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Table legend 

Table 1: Correlation coefficients between the cyclonic systems and vertical wind shear 

for the regions R1 (0
0
 – 5

0
 N, 40

0
 – 100

0
 E), R2 (5

0
 – 15

0
 N, 40

0
 – 100

0
 E) and R3 (15

0
 – 

20
0
 N, 40

0
 – 100

0
 E) (*, ** and *** indicate the levels of significance, 95%, 99% and 

99.9% respectively, by a two sided students’ t-test). 

INPE ePrint: sid.inpe.br/mtc-m18@80/2008/08.22.14.07 v1 2008-08-23



13

Figure legends 

Fig. 1: Variation of zonal wind difference, VWS (U200hPa – U850hPa). Blue, 

NCEP/NCAR data and Red, DOE data. 

Fig. 2: Anomalies of vertical wind shear. 

Fig. 3: Annual variation of STS and the zonal wind difference. 
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Table 1 

Layer Region Depressions Severe Storms 

R1 0.29* -0.34
**

R2 0.30*  -0.47
***200 – 850 hPa shear 

R3          0.15 -0.33
**

R1  0.39
**

       -0.26
*

R2      0.43*** -0.39
**150 – 850 hPa shear 

R3  0.33
**

 -0.35
**
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Fig. 1 
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Fig. 2 
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Fig. 3 
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