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Abstract 11 

In this pilot study, an attempt has been made to revisit the problem of monsoon intra-12 

seasonal variability (MISV) of the southwest monsoon from the perspective of large-13 

scale atmospheric energetics. For that, daily values of two energy generation terms and 14 

four energy conversion terms for the period from 1 May to 30 September for the years 15 

1979–2017, obtained from Dutta et al. (2019), have been used. These generation and 16 

conversion terms were computed using high-resolution (0.125° × 0.125° ) daily re-17 

analysed ERA-5 data of air temperature (T) and three components of wind () at standard 18 

isobaric levels, viz., 1000, 925,850, 700, 600, 500, 400, 300, 250, 200, 150, 100 hPa 19 

levels at 00 UTC over the domain 5°N–35°N, 65°E–95°E, during the above-mentioned 20 

period. 21 

Results of this study suggest that the variability of atmospheric energetics of the Indian 22 

Summer Monsoon is fundamentally dominated by synoptic-scale variability (2–8 days) 23 

across all rainfall categories. At the same time, the occurrence, persistence, and intensity 24 

of lower-frequency oscillations (QBW, EQBW, MISO) vary systematically with 25 

monsoon strength. Energy generation terms are predominantly governed by synoptic 26 

disturbances, highlighting the primary role of monsoon depressions, low-pressure 27 

systems, and associated mesoscale weather systems in modulating the monsoon energy 28 

cycle. Energy conversion terms likewise exhibit statistically significant synoptic-scale 29 

variability in every ISMR category, suggesting that rapid baroclinic and barotropic 30 

energy conversions constitute the dominant mode of monsoon energetics irrespective of 31 

seasonal rainfall. 32 

Overall, the results suggest that while synoptic disturbances dominate the monsoon 33 

energy cycle across all ISMR categories, the persistence and organization of quasi-34 

biweekly and MISO-scale variability largely determine the efficiency and longevity of 35 

atmospheric energy generation and conversion in stronger monsoon years. 36 

Keywords:  Monsoon Intra-seasonal variability, Energetics 37 

 38 
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1. Introduction: The Asian summer monsoon is one of the most energetic components 39 

of the Earth’s climate system. It is primarily driven by convective, radiative and 40 

sensible heat sources/sinks. Most of the annual rainfall in India occurs from June to 41 

September during the southwest monsoon. Two remarkable features of the summer 42 

monsoon are its regular occurrence from June to September and the irregular 43 

variation in the seasonal mean rainfall it brings to India from one year to another. 44 

There are many years with floods (strong monsoon) or droughts (weak monsoon), 45 

during which India as a whole receives excess or deficient seasonal rainfall, 46 

respectively. Even within a season, there is considerable variation in rainfall over 47 

India in both space and time, known as Monsoon Intra-Seasonal Variation (MISV).  48 

Ramamurthy (1969), in an exhaustive analysis of daily rainfall over India, first 49 

documented vigorous intraseasonal oscillations of the Indian summer monsoon in the 50 

form of “active” and “break” rainfall spells within the season. Independently, 51 

Madden and Julian (1971), analyzing nearly a decade of daily rawinsonde data from 52 

Canton Island (3°S, 172°W), detected a significant 41–53-day periodicity in the co-53 

spectrum of the 850- and 150-mb zonal wind components — the first report of an 54 

eastward-propagating oscillation in the tropical atmosphere, now known as the 55 

Madden-Julian Oscillation (MJO). A shorter, 10–20-day fluctuation was 56 

subsequently identified in various monsoon parameters by Krishnamurti and Bhalme 57 

(1976) and in cloudiness data by Yasunari (1979).  58 

The Tropical Convergence Zone (TCZ) over the Indian monsoon region represents 59 

the ascending branch of the regional Hadley circulation, and its fluctuations — first 60 

identified in Indian station data by Keshavamurthy (1973) and Dakshina Murthy and 61 

Keshavamurthy (1976) — were later shown to be coherent with fluctuations of the 62 

regional Hadley circulation (Krishnamurti & Subramaniam, 1982; Murakami et al., 63 

1984; Mehta & Krishnamurti, 1988; Hartmann & Michelsen, 1989) and with 64 

northward-propagating Monsoon Intraseasonal Oscillations, or MISOs (Sikka & 65 

Gadgil, 1980). The active and break spells of the monsoon are thus associated with 66 

fluctuations of the TCZ (Yasunari 1979, 1980, 1981; Sikka & Gadgil, 1980). More 67 

broadly, the intraseasonal oscillations (ISOs) of the Indian summer monsoon form a 68 

broadband spectrum with periods between 10 and 90 days, but with two preferred 69 

bands — 10–20 days and 30–60 days (Krishnamurti & Bhalme, 1976; Krishnamurti 70 

& Ardanuy, 1980; Yasunari, 1980). This 10–90-day fluctuation between wet and dry 71 

spells is a general feature of the tropics, referred to as tropical intraseasonal variability 72 

(Lau & Waliser, 2012). 73 
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The most distinctive character of MISV over India is the occurrence of active periods, 74 

with heavy rainfall over central India, alternating with break periods, in which rainfall 75 

over central India is weak or absent while northern and south-eastern India receive 76 

above-normal rainfall; each phase typically persists for a few days. Given its 77 

influence on agriculture and public health, MISV carries substantial socio-economic 78 

significance for the country. 79 

MISV during the summer monsoon season spans timescales from a few days to over 80 

a month and is shaped by (at least) two distinct modes of variability. The dominant, 81 

large-scale mode is the slowly evolving intraseasonal oscillation (ISO), marked 82 

during the northern summer by an apparent northward movement of convection 83 

originating over the central equatorial Indian Ocean. A second, synoptic-scale mode 84 

consists of westward-propagating convective disturbances with timescales of 5–10 85 

days; westward-propagating wave activity of this kind intensifies during the active 86 

phase of the large-scale ISO. The high-frequency convective disturbances that 87 

develop over the Bay of Bengal and peninsular India are generally attributed to 88 

instability favoured by strong easterly vertical wind shear acting in conjunction with 89 

equatorial heating. 90 

The active-break cycle, and its link to fluctuations in the strength of the continental 91 

and oceanic TCZ, has repeatedly been tied to the 30–60-day intraseasonal oscillation 92 

(Yasunari, 1979; Sikka & Gadgil, 1980; Gadgil & Asha, 1992). Several studies 93 

(Yasunari, 1979; Lau & Chan, 1986; Singh & Kripalani, 1985; Annamalai & Slingo, 94 

2001) have additionally reported eastward propagation of convection associated with 95 

the northward-propagating TCZ on this same timescale, implying that the MJO 96 

(Madden & Julian, 1972) also modulates the active-break cycle of monsoon rainfall; 97 

Hartmann and Michelsen (1989) confirmed a corresponding spectral peak in 1901–98 

70 daily rainfall data. Across these studies, the intraseasonal variation of the Indian 99 

monsoon is consistently dominated by the 10–20-day and 30–60-day bands, with the 100 

10–20-day mode contributing less than the 30–60-day mode to the total intraseasonal 101 

variability, as judged by their relative contributions to convective heating.  102 

Lawrence (1999) showed that the boreal summer ISO exhibits two somewhat 103 

different evolutions. Both are characterized by convection coupled to a Kelvin-104 

Rossby wave packet that moves steadily eastward. However, they differ in how 105 

convection over the central Indian Ocean develops ahead of the mature wave packet: 106 

the “south-north” mode begins with a largely stationary development of equatorial 107 

convection, whereas the “east-west” mode shows eastward propagation of convection 108 



4 

 

anomalies from the outset. South-North events tend to occur early in the monsoon 109 

season, when equatorial Indian Ocean SSTs are at their peak, while East-West events 110 

typically occur later, once the SSTs have cooled somewhat. 111 

The 30–60-day mode is most active during the monsoon onset phase and shows less 112 

coherent propagation through the remainder of the summer (Annamalai & Slingo, 2001) 113 

while the 10–20-day mode is linked to westward-propagating disturbances originating in 114 

the western Pacific (Krishnamurti & Ardanuy, 1980); these disturbances also play a role 115 

in re-establishing the active monsoon phase after a break, through the genesis of new 116 

disturbances within the monsoon zone. Annamalai and Slingo (2001) further argue that 117 

the 10–20-day mode is more regional in character, with its influence confined largely to 118 

the local Hadley circulation. Neither mode is strictly periodic; both instead appear as two 119 

dominant bands in the spectra of rainfall, outgoing longwave radiation (OLR) and 120 

circulation data, together explaining only about 10–25% of the daily variance in the 121 

NCEP-NCAR reanalysis circulation data (Goswami et al., 1998), with the 30–60-day 122 

mode contributing more than the 10–20-day mode (Annamalai & Slingo, 2001) and with 123 

zonal propagation proving more robust than meridional propagation (Goswami et al., 124 

1998). Notably, the character of this intraseasonal variability does not differ appreciably 125 

between major drought and major flood years (Krishnamurthy & Shukla, 2000; 126 

Annamalai & Slingo, 2001). 127 

Separating summertime ISOs by their zonal propagation characteristics over the Indian 128 

Ocean and western Pacific, Lawrence and Webster (2002) showed that eastward 129 

propagation of convection along the equator is a fundamental feature of most 130 

summertime ISOs — 42 of the 54 ISOs exhibiting northward movement, or 78%, also 131 

showed eastward propagation — and that this eastward propagation is directly related to 132 

the northward movement of convection associated with the active-break cycle of 133 

precipitation across India. Building on this, Sperber and Annamalai (2008) identified five 134 

characteristic features of the boreal summer ISO (BSISO): eastward propagation over the 135 

eastern equatorial Indian Ocean; extension of the equatorial convective mode across the 136 

Maritime Continent; northward propagation near India; north-westward propagation over 137 

the west Pacific; and the characteristic tilted rainband. 138 

A fundamental and defining characteristic of the summer ISO is the northward movement 139 

of convection, beginning over the central equatorial Indian Ocean and terminating near 140 

the foothills of the Himalaya in northern India (Lawrence & Webster, 2002). This 141 

northward movement has been documented extensively by Murakami 1976; Yasunari 142 

1979, 1980, 1981; Sikka and Gadgil 1980; Krishnamurti and Subrahmanyam 1982; Singh 143 
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and Kripalani 1985; Lau and Chan 1986; Wang and Rui 1990). The similarity between 144 

the ISO timescale and the cycling time from active to break to active conditions over 145 

India led Yasunari (1979), and subsequently Julian and Madden (1981) and Lau and Chan 146 

(1986), to propose that the northward movement of convection is linked to the eastward-147 

propagating cloud bands along the equator (see Madden and Julian 1994 for a review). 148 

Wang and Rui (1990), however, identified a summertime mode that behaves as an 149 

independent northward-moving event with no accompanying eastward movement of 150 

convection along the equator, and which may therefore be unrelated to the MJO. 151 

More recent process-based studies have examined the physical mechanisms underlying 152 

this propagation. Abhik et al. (2015), using eleven years (1998–2008) of TRMM data 153 

together with MERRA reanalyses, examined the role of cloud hydrometeors and 154 

associated dynamical parameters in the northward propagation of the BSISO, finding that 155 

during strong BSISO events, hydrometeors such as cloud liquid water, precipitable ice 156 

and cloud ice show a steady northward progression from the equatorial Indian Ocean to 157 

about 25°N. Using a Lagrangian dynamic recycling model applied to ECMWF-ERA-158 

Interim reanalysis data, Pathak et al. (2017) traced the moisture transported to the Indian 159 

landmass from oceanic and terrestrial sources at intraseasonal timescales. They found 160 

that oceanic moisture sources are associated with the north-south pattern of intraseasonal 161 

rainfall variation. In contrast, the Ganga basin — the principal terrestrial source — is 162 

associated with the east-west pattern extending from the Core Monsoon Zone to eastern 163 

India. 164 

Recent studies have further refined the understanding of boreal summer intraseasonal 165 

oscillation (BSISO) / monsoon intraseasonal oscillation (MISO). Kottapalli and 166 

Vinayachandran (2025) showed that equatorial convection is the primary source of 167 

BSISO amplitude and northward propagation in both present and future climates; under 168 

SSP370 projections, BSISO rainfall is enhanced by about 63 % over the Bay of Bengal 169 

and 42 % over the Arabian Sea, while the proportion of northward-propagating events 170 

remains largely unchanged. They also noted that the background moisture gradient 171 

remains largely unchanged in the future, so the proportion of northward-propagating 172 

BSISO events remains nearly the same even as rainfall intensity increases. Konda et al. 173 

(2026) reported a strong twofold increase in Indian summer monsoon intra-seasonal 174 

variability under high-emission scenarios, accompanied by faster phase speeds of 175 

northward-propagating ISOs and a reduction in the northwest–southeast tilt of the 176 

precipitation band. Their analysis further suggests that the increased magnitude of 177 

precipitation anomalies associated with the northward-propagating ISOs may intensify 178 



6 

 

active monsoon spells and raise the frequency of extreme rainfall events over India. Lin 179 

et al. (2025) showed that northward-propagating convective phases of the ISO are 180 

sustained by horizontal moisture advection, and moist-static-energy tendencies are 181 

particularly triggers of monsoon onset over the Arabian Sea and India, with ENSO 182 

modulating the background meridional asymmetry. Waje et al. (2025) further showed 183 

that the Quasi-Biennial Oscillation independently modulates the persistence and spatial 184 

extent of active and break spells of the Indian summer monsoon. During the easterly 185 

phase of the QBO, the active spells become more persistent and spatially extended, while 186 

the break spells become shorter and weaker; the opposite occurs during the westerly QBO 187 

phase. 188 

Li et al. (2022) examined the kinetic energy budget of the cyclonic vortex associated with 189 

MISO. They found that the pronounced intraseasonal kinetic energy is mainly 190 

attributable to barotropic energy conversion from the background circulation. They 191 

further found that energy conversion from the mean flow is stronger ahead of the vortex 192 

(due to interactions between intraseasonal easterlies and downdrafts). In contrast, after 193 

the vortex, the conversion is mainly due to interactions between intraseasonal westerlies 194 

and updrafts. Lu et al. (2025) diagnosed the energy budget of the dominant interannual 195 

modes of the South Asian summer monsoon and highlighted the contrasting roles of 196 

barotropic and baroclinic energy conversions. 197 

 Energetics is a very useful tool for explaining various atmospheric processes/phenomena 198 

dynamically. From the foregoing discussions, there are hardly any studies addressing the 199 

MISV problem from an energetic aspect. The objective of this study is to revisit the 200 

MISV problem from the perspective of large-scale atmospheric energetics. 201 

From the foregoing discussion, it appears that most studies on Indian Summer monsoon 202 

intra-seasonal variability use primary data, such as daily rainfall, OLR, horizontal wind, 203 

and cloud-pixel data. 204 

It is worth noting that ISMR is the final output of various dynamical and 205 

thermodynamical processes, such as the reverse Hadley circulation, the Walker 206 

circulation, monsoon-midlatitude flow interactions, diabatic heating, convective 207 

instability, etc. It is therefore envisaged that, alongside the well-documented ISO of 208 

ISMR, the intraseasonal variability of the individual metrics representing these driving 209 

processes will be examined to arrive at a more complete dynamical interpretation of the 210 

ISO of ISMR. 211 

Accordingly, in this study an attempt has been made to revisit Monsoon Intra-seasonal 212 

variability/oscillation from the perspective of large-scale atmospheric energetics, 213 
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performing standard power spectrum analysis and wavelet analysis on the time series of 214 

daily composite anomaly (1 May-30 Sept during 1979-2017)  of six large scale 215 

atmospheric energetics parameters, viz., Generations of Zonal Available Potential 216 

Energy & Eddy Available Potential Energy, Conversions of Zonal Available Potential 217 

Energy to Zonal Kinetic Energy, Eddy Available Potential Energy to Eddy Kinetic 218 

Energy, Zonal Available Potential Energy to Eddy Available Potential Energy and Zonal 219 

Kinetic Energy to Eddy Kinetic Energy, for deficient, below-normal, normal, above 220 

normal and excess all India Summer monsoon rainfall (AISMR) categories. These daily 221 

composite values of the above-mentioned parameters have been obtained from the study 222 

of Dutta et al. (2019). 223 

In Section 2, details of the data used and their source have been discussed; in Section 3, 224 

brief details of the methodology used have been discussed; Section 4 has been dedicated 225 

to a comprehensive discussion of the results obtained; in Section 5, we have summarised 226 

the story addressed in this study, and finally, in Section 6, pointwise conclusions have 227 

been given. 228 

2. Data: For carrying out this study, daily values of two energy generation terms four 229 

energy conversion terms, &  during the period from 1 May to 30 September for the years 230 

1979–2017, obtained from the study of Dutta et al. (2019), have been used. In addition, 231 

daily, monthly, and seasonal rainfall data for these years during the summer monsoon 232 

season from the India Meteorological Department, India, have been used.  233 

3. Methodology: Dutta et al., (2019) computed above mentioned two energy generation 234 

terms and four energy conversion terms, using high resolution (0.125° × 0.125° ) daily 235 

re-analysed ERA-5 data of air temperature (T) and three components of wind () at 236 

standard isobaric levels, viz., 1000, 925,850, 700, 600, 500, 400, 300, 250, 200, 150, 237 

100hPa levels at 00 UTC over the domain 5°N–35°N, 65°E–95°E, during the period from 238 

1 May to 30 September for the years 1979–2017. The detailed formulation of these 239 

energetic parameters is given in Table 1. From the daily values of the above-mentioned 240 

energetics parameters and their mean (based on the period from 1979 to 2017), the daily 241 

anomalies of each of them for all 153 days from 1 May to 30 September have been 242 

computed. Afterwards, a daily composite of anomalies has been constructed for the 243 

deficient, below normal, normal, above normal, and excess categories of All India 244 

Summer Monsoon Rainfall (AISMR), following IMD criteria (as given in Table 245 

2).  Composite anomaly time series of values of two energy generation terms  &  and 246 

four energy conversion terms  have then been subjected to power spectrum analysis and 247 
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wavelet analysis, using the Morlet wavelet function. C. Torrence and G. Compo provided 248 

wavelet software, which is available at URL: http://atoc.colorado.edu/research/wavelets/. 249 

4.         Results and analysis: In this section, results on performing power spectrum 250 

analysis and wavelet analysis on the composite series of two generations and four 251 

conversion terms, as mentioned above, for deficient, below normal, normal, above 252 

normal and excess ISMR cases are discussed. In the following sub-section, the analysis 253 

of results for two generation terms and four conversion terms is discussed. For each of 254 

them, results from power spectrum analysis are first discussed, followed by those from 255 

wavelet analysis. 256 

4.1. Generation of ZAPE [(ࢆ࡭)ࡳ]: 257 

4.1.1. Interpretation: Generation of zonal available potential energy (ܣ௓) , 258 

denoted by  ܩ(ܣ௓) = ோ೏஼೛ ∮ [ఏ]∗[ொ̇]∗௣(−ങഇങ೛) ݀݉ . For its interpretation, we have ∗[ߠ] =259 

డ[ఏ]డ௬ ̇[ܳ] ݀݊ܽ ݕߜ ∗ = డ[ொ̇]డ௬  represents the process of integrated combined 260(௓ܣ)ܩ Thus . ݕߜ

effect of meridional gradient of diabatic heating and that of temperature. With a given N-261 

S temperature gradient, an enhanced diabatic heating (and/or cooling) over warmer 262 

(and/or colder) latitudes results in an enhanced generation of ܣ௓. 263 

 264 

4.1.2. Power spectrum analysis: Power spectrum analysis (PSA) of ܩ(ܣ௓) for 265 

all composite cases are shown in fig 1(a-e). 266 

 267 

Fig.1 : PSA of ܩ(ܣ௓)for (a) deficient (b)below normal (c) normal (d) above normal (e ) excess 

categories  
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 268 

From the figure, it is seen that the dominant statistically significant periodicities 269 

in ܩ(ܣ௓) occur in the 2–8-day band, for all ISMR categories. However, a significant 270 

periodicity near 10 days is also observed in the excess ISMR category. But in any case, 271 

there is no significant peak in any category of ISMR in the 10–20–day (QBWO) and 30–272 

60–day (MISO) bands.  273 

The presence of statistically significant 2–8-day periodicities in all ISMR categories 274 

implies that the generation of zonal available potential energy is fundamentally a 275 

synoptic-scale process and the dominant coherent oscillations in ܩ(ܣ௓) are associated 276 

with the life cycle of monsoon weather systems rather than seasonal active-break 277 

oscillations. 278 

However, the appearance of an additional significant ~10-day peak only during excess 279 

ISMR suggests that the quasi-biweekly oscillation becomes dynamically important only 280 

when the monsoon circulation is sufficiently strong. In such cases, enhanced latent 281 

heating organises the generation of ZAPE on quasi-biweekly time scales. Thus, for the 282 

excess ISMR category, ܩ(ܣ௓)  exhibits both synoptic scale and quasi-biweekly 283 

variability.   284 

4.1.3. Wavelet analysis:  Wavelet analysis of ܩ(ܣ௓) for all composite cases is 285 

shown in the adjoining fig 2(a-e). 286 

 287 

 288 

Fig.2 : Wavelet analysis of ܩ(ܣ௓)for (a) deficient (b)below normal (c) normal (d) above 

normal (e ) excess categories  
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From the figure, it is seen that for all ISMR categories, statistically significant variability 289 

of this energetics parameter is concentrated in the 2–8-day synoptic band scattered 290 

across the season, emphasising the dominant role of synoptic disturbances in modulating 291 

the meridional covariance between diabatic heating and temperature gradients. Besides, 292 

the emergence of an excess QBM in the above-normal category in August suggests 293 

occasional quasi-biweekly organisation of the heating field. 294 

 4.2. Generation of EAPE [(ࡱ࡭)ࡳ]: 295 

4.2.1. Interpretation: Generation of eddy available potential energy ( (ாܣ  is 296 

mathematically expressed as 297 

(ாܣ)ܩ  = ோ೏஼೛ ∮ ఏ′ொ̇′௣(−ങഇങ೛)݀݉.  Here, ܳ̇′ = డொ̇డ௫ ′ߠ ݀݊ܽ ݔߜ =  
డఏడ௫ . ݔߜ  Thus, ܩ(ܣா)  represents 298 

the process of integrated combined effect of zonal gradient of diabatic heating and that 299 

of temperature. With a given E-W temperature gradient, an enhanced diabatic heating 300 

(and/or cooling) over warmer (and/or colder) longitudes results in an enhanced 301 

generation of ܣா .  302 

4.2.2. Power spectrum analysis: Power spectrum analysis of ܩ(ܣா) , along with 303 

significant periodicities, for all composite cases is shown in the adjoining figure 3(a-e). 304 

 It is seen that for all IMSR categories, composite anomaly of ܩ(ܣா) has significant 305 

periodicity at 2-8 days only. Thus, Generation of EAPE is a synoptic-scale process 306 

during the Indian summer monsoon, with significant variability concentrated in the 2– 307 

 308 

 309 

 310 

Fig.3 : PSA of ܩ(ܣா)for (a) deficient (b)below normal (c) normal (d) above normal, (e ) 

excess categories  
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8-day band across all ISMR categories. From the absence of persistent low-frequency 311 

power it may be suggested that large-scale intraseasonal oscillations modulate the 312 

occurrence of synoptic systems indirectly, whereas the direct generation of EAPE 313 

remains fundamentally a synoptic-scale process. 314 

4.2.3. Wavelet analysis: Wavelet analysis of ܩ(ܣா) is given in the adjoining figure 4(a-315 

e).  316 

 317 

Results of the wavelet analysis are seen to be echoing that of power spectrum analysis. 318 

From the figure it is seen that the statistically significant periodicities of composite daily 319 

anomaly of ܩ(ܣா)  are primarily confined to the synoptic (2–8 days) in all AISMR 320 

category. In deficient category it is in June and 3rd week of September, below normal 321 

categories during 1st and last week of June in the 1st two weeks in July, in normal category 322 

it is during 1st week of June, 2nd week of July, last week of July and 3rd week of August, 323 

in above normal category it occurred in scattered way from June to August and in excess 324 

category in early June, late June,  early July & mid-August. Besides, there is emergence 325 

of quasi biweekly mode (10-20 days) in below & above normal categories and an Excess 326 

QBM (16-32 days) in below normal categories, both in June. Thus, in above-327 

normal/excess years showed stronger, more robust synoptic-scale G(EAPE) generation 328 

than deficient years. 329 

4.3. Conversion of ࢆ࡭ to ࢆ࡭)࡯ ]ࡱ࡭,  330  :[(ࡱ࡭

4.3.1. Interpretation: Conversion of ܣ௓ to ܣா , denoted by  331 ܣ)ܥ௓, (ாܣ = −∫ [1σ v′T′ ∂T∗a∂∅+ 1σω′T′ ∂T∗∂p ] dpPs100 . This term represents the strength of the 332 

combined effect of two processes, viz., eddy meridional flux of temperature in presence 333 

Fig.4 : Wavelet analysis of ܩ(ܣா)for (a) deficient (b)below normal (c) normal (d) above 

normal (e ) excess categories  
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meridional gradient of temperature (∂T∗a∂∅) and vertical flux of temperature under different 334 

static stability conditions. 335 

 If the zonal mean temperature is warmer towards north, then the meridional 336 

gradient of temperature, 
∂்∗a∂φ > 0 . Then eddy southerly/northerly transport of 337 

colder/warmer air (ݒ′ܶ′̅̅ ̅̅ ̅̅ < 0) converts ZAPE to EAPE in a stably stratified condition. 338 

In the region of study, during ISMS, 
∂்∗a∂φ > 0. Hence in the presence of any 339 

synoptic scale weather system (LOW/WML/D/DD) over this region, there is southerly 340 

(northerly) cold (warm) air transport to the eastern (western) flank and thus converting 341 

ZAPE to EAPE. 342 

In case of a mid-latitude westerly belt, where 
∂T∗a∂∅ < 0, the northerly cold air 343 

advection ( ݒ′ܶ′̅̅ ̅̅ ̅̅ >),  with southward protruding baroclinic waves embedded 344 ݀݁ݐܽ݅ܿ݋ݏݏܽ

in the mid-latitude westerly mean flow, results in the reduction in meridional temperature 345 

gradient over ISM region, leading to a reduction in ZAPE at the cost of generation of 346 

EAPE, thus leading to conversion of ZAPE to EAPE. 347 

For the second term, when there is a local convective instability over any 348 

latitudinal belt in the region of study, then − డ்∗డ௭ > ௚஼೛ ⇒ డ்∗డ௣ > ఈ஼೛ > 0 . Then rising 349 

motion (߱ < 0) of warmer (ܶ′ > 0) air associated with the convection results in the 350 

conversion of ZAPE to EAPE. 351 
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4.3.2. Power spectrum analysis: Plots of power spectrum analysis of daily composite 352 

anomaly of this energetics parameter for all ISMR categories are shown in the adjoining 353 

figure 5(a-e). 354 

 355 

From the above PSA and the attached table, one can find four types of significant 356 

periodicities exhibited by daily composite anomaly series of ܣ)ܥ௓, (ாܣ , viz., high 357 

frequency (2-8 days) variation exhibited in all categories of ISMR and  Quasi-Bi Weekly 358 

Variations (10-20 days) in  Deficient (Def), normal & Excess (Ex) categories.  359 

High frequency variation in Deficient & Below Normal categories indicates that even in 360 

suppressed monsoon years (Def/BN), rapid synoptic-scale waves are still extracting 361 

energy baroclinically from the mean flow. Quasi Bi-Weekly variation in excess category 362 

indicates prolonged constructive interference (between monsoon and mid latitude flow) 363 

that continuously extracts ZAPE to fuel active monsoon spells and that in deficient 364 

categories indicates a highly episodic, short-lived energy extractions, spaced widely apart, 365 

keeping the overall monsoon in a net deficit. Quasi Bi-Weekly variation in normal 366 

category may be interpreted as the mean meridional temperature gradient over India 367 

accumulates ZAPE over a week, collapses as baroclinic instability triggers widespread 368 

rainfall via eddies, converting ZAPE to EAPE and then takes roughly another week to 369 

rebuild.  370 

i. Wavelet analysis: Plots of the Wavelet analysis, performed on the 371 

time series of composite anomaly of ܣ)ܥ௓,  ா) for different ISMR 372ܣ

categories, are shown in Figure 6(a-e). 373 

 374 

 375 

 376 

Fig.5 : PSA of ࢆ࡭)࡯,  for (a) deficient (b)below normal (c) normal (d) above normal (e ) (ࡱ࡭

excess categories  
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The figure shows presence of two modes, viz., high frequency synoptic scale (2-8 days) 377 

and a slow ISO scale QBM (10-20 days) mode occurring at different times in the season.  378 

In deficient category 10–20 day signal is active during 6–21 June and  bursting of 2–8 379 

day mode in early June, mid-July, early August; in below Normal category only 2–8 day 380 

activity, spread across June, late June–mid July, and early-mid September; in normal 381 

ISMR category both bands (2-8 days & 10-20 days), spans from June through late 382 

September; in above normal category 2–8 day dominant through June–mid July, with a 383 

brief 10–20 day window (1–2 June) and in excess ISMR category both bands very active, 384 

with extended and overlapping windows from June through August (the most 385 

persistent/energetic signal of all categories). 386 

Thus, Synoptic-scale (2–8 day) energy conversion between zonal and eddy available 387 

potential energy is a persistent feature of C(AZ, AE) across all five rainfall categories. A 388 

robust intraseasonal / quasi-biweekly (10–20 day) signal is additionally present in the 389 

Deficient, Normal and Excess categories, but is absent (or not statistically significant) in 390 

the Below Normal and Above Normal categories. Intraseasonal band is most persistent 391 

and energetic in the Excess category and most episodic in the Deficient category, while 392 

the Normal category shows the broadest temporal extent of significant activity across the 393 

season. 394 

4.4.1. Interpretation: Conversion of  ܣ௓ to ܭ௓, ܣ)ܥ௓,  ௓) is mathematically expressed 395ܭ

as ܣ)ܥ௓, (௓ܭ = − 1௚ ∫ ோ ௣ ௉ೞ100݌݀∗ܶ∗߱ . From this expression it is seen that there is a conversion 396 

from ܣ௓ to ܭ௓, provided the vertically integrated effect of the covariance in the integral 397 

is negative. This is possible if there is stronger rising motion over warmer latitudinal belt 398 

and/or stronger sinking motion over colder latitudinal belt. Thus, this term is a metric of 399 

the strength of thermally direct circulation in meridional-vertical (y-z/y-p) plane. 400 

Fig.6: Wavelet analysis of ࢆ࡭)࡯,  for (a) deficient (b)below normal (c) normal (d) above (ࡱ࡭

normal (e ) excess categories  
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4.4.2. Power spectrum analysis:  Power spectrum analysis (PSA), performed on the 401 

series of daily composite anomaly of ܣ)ܥ௓,  ௓) for different ISMR categories. PSA plots 402ܭ

are shown in the adjoining figure 7(a-e). 403 

 404 

From this figure and the attached table, it is seen that high-frequency periodicity (2-8 405 

days) in ܣ)ܥ௓,  ௓) is present across all ISMR categories, indicating that basic synoptic- 406ܭ

scale kinetic energy generation continues to occur even during poor monsoon seasons. 407 

From the table, it can also be seen that the quasi-biweekly oscillation (10-20 days) 408 

appears explicitly in Deficient and Above Normal conditions. In the Above Normal 409 

scenario, it represents a highly efficient, rhythmically repeating surge where the 410 

meridional thermal contrast (ZAPE) regularly accelerates the mean monsoon circulation 411 

(ZKE), whereas in the Deficient scenario, the energetic cycle becomes strictly trapped or 412 

restricted to this timescale. The overturning divergent circulation in the y-z plane lacks 413 

the power to sustain longer-period loops, forcing the background energetics to oscillate 414 

sharply between brief structural stabilisation and collapse. 415 

Significant low frequency intra-seasonal oscillation near 16-32 days is seen in normal, 416 

above normal, excess categories and deficient categories. Existence of this mode in 417 

normal, above normal & excess categories indicates that atmosphere has been able to 418 

sustain these deep, multi-week planetary-scale baroclinic conversion cycles, whereas, in 419 

Deficient / Below Normal years, this planetary-scale conversion loop breaks down 420 

entirely. The large-scale thermal engine fails to convert ZAPE into ZKE at this low 421 

frequency. 422 

The appearance of this quasi-biweekly mode in deficient and above-normal categories 423 

suggests intermittent quasi-biweekly modulation superimposed on the dominant ~20-day 424 

oscillation. 425 

                                    
                                 
                 

                              

                                        

                    

                           

                                            

                           

Fig.7 : PSA of ࢆ࡭)࡯,  for (a) deficient (b)below normal (c) normal (d) above normal (e ) (ࢆࡷ

excess categories  
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Thus, in surplus (N, AN, Ex) categories the conversion of ZAPE to ZKE works 426 

seamlessly across all scales—from quick synoptic bursts up to planetary-scale 28-day 427 

planetary loops, whereas, in deficit (Def, BN) categories ZAPE-to-ZKE conversion 428 

cannot be sustained at the 16–28 day scale, i.e., the mean monsoon flow is not efficient 429 

for low-frequency energy generation and must rely purely on short-lived synoptic and 430 

biweekly pulses. 431 

4.4.3. Wavelet analysis: Results of wavelet analysis, performed on the daily composite 432 

anomaly of conversion of ZAPE to ZKE for different ISMR categories, are shown in fig 433 

8(a-e). From the figure and the attached table, it is seen that for all categories of ISMR, 434 

the composite anomaly possesses significant oscillation in the synoptic scale (2-8 435 

days),quasi-biweekly (10-20 days) & excess quasi-biweekly (16-32 days) range, with 436 

one MISO range (30-60 days) in the normal ISMR category. 437 

 438 

 439 

In the deficit category (Below normal and Deficient) this oscillation occurred for a short 440 

duration (7-11 days) in June and July, whereas, in surplus category (Above normal & 441 

excess) it occurred for a longer periods, viz., from mid-June to mid-July and mid-June to 442 

mid-September.  443 

Thus in the surplus category of ISMR, the mean monsoon circulation in the y-z plane is 444 

repeatedly and reliably strengthened on a ~2-week periodicity throughout the season, 445 

whereas in the deficit category same is for a brief period, Deficit category is also 446 

characterised by re-energisation of the mean monsoon circulation in the y-z plane on a 447 

~3-4 week periodicity at the later part of the season. Besides, as expected in all categories 448 

the synoptic-scale (~2–8 day) mode is present in a scattered way during different times 449 

in the season. This scale physically interprets synoptic scale weather systems, like 450 

monsoon lows/depressions, mid-latitude westerly interacting with monsoon circulation, 451 

etc. During the genesis, intensification or decaying of such systems, locally distortion of 452 

latitudinal thermal gradient takes place locally, which in turn strengthens or 453 

                                            

                    
             

    
        

                                   
     
             
          

        

         
          

        

            
         
         

        
          
          

      
      

                            
              
            
             

        
         
         
          

      

                          
             
              

        
         
          

     
      

                                 
              
             

        
         
          

      

Fig.8 : Wavelet analysis of ࢆ࡭)࡯,  for (a) deficient (b)below normal (c) (ࢆࡷ

normal (d) above normal (e ) excess categories 
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weakens/disrupts the mean monsoon circulation in the y-z plane on a short timescale, 454 

which is demonstrated as a short-lived pulse of C(ZAPE,ZKE) power at 2–8 days, 455 

superimposed on the slower QBWO envelope. 456 

4.5. Conversion of Eddy available potential energy to eddy kinetic energy 457 [ࡱ࡭)࡯,  458  .[(ࡱࡷ

4.5.1. Interpretation: Conversion of EAPE to EKE is given by, ܣ)ܥா , (ாܭ =459 − 1௚∫ ோ ௣ ௉ೞ100݌݀′ܶ′߱ . The covariance in the integrand is the covariance of two departures from 460 zonal mean, viz., the departure of ‘߱’ from its zonal mean ߱∗ and that of ‘ܶ’ from its zonal 461 

mean ܶ∗.  Thus there is a conversion of EAPE to EKE, if the vertically integrated effect of 462 

this covariance is negative, which is possible if there is stronger rising motion over warmer 463 

longitude and/or stronger sinking motion over colder longitude around a given latitudinal 464 

belt. So, this term may be thought of as a measure of the strength of thermally direct 465 

circulation in zonal-vertical (x-z/x-p) plane. This term is also known as baroclinic eddy 466 

kinetic energy conversion. 467 

4.5.2. Power spectrum analysis:  Plots of Power spectrum analysis (PSA), performed 468 

on the time series of daily composite anomaly of ܣ)ܥா ,  ா) for different ISMR categories 469ܭ
for May-September months, are shown in figure 9(a-e).  470 

From the PSA analysis, performed on the time series of daily composite anomaly of this 471 

energetics parameters for different ISMR categories, it is revealed that the modulation of 472 

the conversion of EAPE to EKE is primarily dominated by high frequency synoptic-473 

scale (2–8 day) mode across all ISMR categories, implying the importance of monsoon 474 

lows, depressions and mesoscale convective systems in maintaining eddy kinetic energy. 475 
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 476 

 477 

For surplus categories (AN & Ex), excess quasi biweekly (16-32 days) and MISO (32-478 

64) modes are also present. The appearance of longer-period oscillations only in above-479 

normal and excess monsoons indicates that stronger rainfall seasons possess a more 480 

organized multiscale eddy energy cascade. 481 

Presence of 2-8 days band in every ISMR category, suggests that baroclinic eddy kinetic 482 

energy conversion via these transient systems is a persistent, background feature of the 483 

monsoon. It doesn't switch off even in deficient years, though its amplitude and shape do 484 

change slightly. Emergence of 32-64 days band in above-normal years implies that when 485 

rainfall is enhanced, energy conversion is being modulated not just by fast synoptic 486 

eddies but also by the slower large-scale ISO. Co-existence of three significant bands, 487 

viz., 2–4 days, 4–8 days, and 16–32 days in the excess ISMR category suggests that 488 

excess-rainfall years are characterized by multi-scale energy conversion process, rather 489 

than being driven by a single dominant timescale. 490 

Fig.9 : PSA of ࡱ࡭)࡯,  for (a) deficient (b)below normal (c) normal (d) (ࡱࡷ

above normal (e ) excess categories  
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4.5.3. Wavelet analysis:  Wavelet analysis has been performed on the time series of 491 

daily composite anomaly of ܣ)ܥா ,  ா) for different ISMR categories for May-September 492ܭ
months. Plots of the same are shown in figure 10 (a-e). 493 

 494 

From the plots and the attached table, it can be seen that for the deficient ISMR category, 495 

the time series broadly consists two significant modes, viz.,  a single, well-defined 496 

quasi-biweekly mode (10–20-day band), with significant power concentrated broadly in 497 

the first half of June and high frequency Synoptic-scale (2–8 day), with comparatively 498 

week power intermittently in June and first half of July. This suggests that during 499 

deficient monsoon seasons, eddy energy conversion is governed primarily by the quasi-500 

biweekly oscillation, without substantial reinforcement from higher-frequency synoptic 501 

disturbances.    502 

In the below normal category, the time series is seen to be dominated by the co-existence 503 

of multi-scale variability, viz., synoptic scale (2-8 days) during most of the time in June, 504 

from last week of July through the end of first week of August, Quasi-biweekly (10-20 505 

days) and Excess Quasi-biweekly (16-32 days) in the first three weeks in June  and finally  506 

Monsoon intra-seasonal oscillation during  2nd and 3rd week of June. Thus, the synoptic 507 

disturbances interact with larger-scale intraseasonal variability during monsoon onset 508 

and larger scale signals decay rapidly after June, indicating that the multiscale 509 

organization is not maintained through the season.  510 

From the figure it is seen that in normal ISMR category the time series is dominated 511 

mainly by synoptic scale (2-8 days) variations, indicating that baroclinic conversion is 512 

maintained primarily through recurring synoptic systems rather than strong low-513 

frequency modulation.  514 

In the above normal ISMR category, this conversion is dominated by high frequency 515 

synoptic scale (2-8 days) in the 2nd half of June & 2nd and 4th week of August, Quasi 516 

biweekly oscillation (10-20 days) in first half of June and MISO (30-60 days) during the 517 

Fig.10 : Wavelet analysis of ࡱ࡭)࡯,  for (a) deficient (b)below normal (ࡱࡷ

(c) normal (d) above normal (e ) excess categories  



20 

 

first three weeks of July. Long-duration signature of this mode suggests that above-518 

normal rainfall seasons are associated with a sustained, large-scale intensification of the 519 

Walker circulation in mid monsoon, supporting prolonged enhanced-ascent conditions 520 

over the Indian sector. 521 

In the excess ISMR category this energy conversion is dominated by high frequency 522 

synoptic scale disturbances, occurring scattered in June and Extended QBW oscillation 523 

from mid-June to Mid-August. Thus, in this category the Walker circulation is reinforced 524 

twice, first transiently by active synoptic disturbances, then more sustainedly by a later 525 

intraseasonal oscillation. 526 

Thus, the synoptic-scale (2–8 day) variability is the fundamental mode of ܣ)ܥா ,  ா) 527ܭ

across all ISMR categories, indicating the importance of synoptic scale weather systems 528 

in ISM, like monsoon depressions, lows and synoptic disturbances in converting eddy 529 

available potential energy into eddy kinetic energy. The persistent presence of 530 

intraseasonal oscillations only distinguishes the behaviour of this energy conversion 531 

mechanism, i.e., the Walker circulation among different ISMR categories. In the 532 

Deficient years conversion is short-lived during early-season, whereas in the above-533 

normal and excess monsoon years the sustained 16–32-day and/or 30–60-day variability 534 

helps to maintain efficient baroclinic energy conversion over extended periods. This 535 

multiscale interaction is consistent with prolonged active monsoon spells and enhanced 536 

seasonal rainfall. 537 

4.6. Conversion of zonal kinetic energy to eddy kinetic energy [ࢆࡷ)࡯,  538  .[(ࡱࡷ

4.6.1. Interpretation: Conversion of ZKE to EKE, denoted by ܭ)ܥ௓, (ாܭ  is 539 

mathematically expressed as,  540 

,௓ܭ)ܥ (ாܭ = 1݃
{  
  ∫ ߲߮ܽ[ݑ]߲ ̅̅′ݒ′ݑ ̅̅ ௉ೞ100݌݀̅ +∫ 2′ݒ] [߲߮ܽ[ݒ]߲ ௉ೞ100݌݀ +∫ ∫  + ௉ೞ100݌݀[[ݒ]2′ݑ] ′ݑ′߱] ݌߲[ݑ]߲ ] ௉ೞ100݌݀ +∫ ′ݒ′߱] ݌߲[ݒ]߲ ] ௉ೞ100݌݀ }  

  
 541 

This term represents the vertically integrated effect of eddy horizontal momentum flux 542 

in presence horizontal shear of zonal mean horizontal wind and that of eddy vertical flux 543 

of eddy horizontal momentum in presence of vertical shear of zonal mean horizontal 544 

wind. Out of all these six terms, the curvature terms, viz., 545 1௚ ∫ [[௩]tanఝ௔ 2′ݑ + [௨]௧௔௡ఝ௔ ̅̅′ݒ′ݑ ̅̅ ̅] ௉ೞ100݌݀  are very small in the region of study. Remaining 546 

four terms represents the conversion of ZKE to EKE through interaction of eddies 547 

,′ݑ ) ,′ݒ ߱′) with mean horizontal wind ([ݑ], in presence of meridional (డ[௨]௔డఝ ,([ݒ] , డ[௩]௔డఝ) 548 

and vertical (డ[௨]డ௣ , డ[௩]డ௣ )shear of zonally averaged zonal and meridional wind. During an 549 

active monsoon condition, monsoon trough is stronger, i.e., 
డ[௨]௔డఝ is large and due to 550 

genesis and passage of monsoon lows, depressions, etc., there is strong eddy 551 

transport ̅̅′ݒ′ݑ  ̅̅ ̅ , making efficient conversion from ZKE to EKE. This term represents 552 
barotropic conversion to eddy kinetic energy. 553 
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4.6.2. Power Spectrum analysis:  Power spectrum analysis performed on the time series of 554 
daily composite anomalies of this energetics parameter for different ISMR categories are shown 555 
in adjoining figure 11(a-e). 556 

 557 

The figure and the attached table suggest the presence of synoptic scale variation in all ISMR 558 

categories, except in above normal category, in which case only QBW mode dominates. This 559 

energy conversion is typically associated with barotropic instability, where mean flow 560 

feds kinetic energy to the eddies. Thus, the results indicate that in most of the ISMR 561 

categories, this barotropic eddy kinetic energy conversion is modulated by high 562 

frequency synoptic scale disturbances. The figure suggests that in deficit categories (D 563 

& BN), energy transfer is from mean flow to high frequency synoptic scale (2-8 days) 564 

disturbances, whereas in the normal and above-normal years it is to both synoptic and 565 

quasi-biweekly time scales (8-16 days). From the figure it is seen that in excess ISMR 566 

category, barotropic eddy kinetic energy conversion takes place to high frequency 567 

synoptic scale disturbances, implying that an enhanced kinetic energy transfer from the 568 

zonal flow supports synoptic scale monsoon disturbances to intensify enabling them to 569 

produce widespread heavy rainfall. 570 

4.6.3. Wavelet analysis: Wavelet analysis performed on the time series of daily composite 571 
anomalies of this energetics parameter for different ISMR categories are shown in adjoining 572 
figure 12(a-e). 573 

Fig.11 : PSA of ࢆࡷ)࡯,  for (a) deficient (b)below normal (c) normal (ࡱࡷ

(d) above normal (e ) excess categories  
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 574 

From the figure and the adjoining table it can be seen that in all five ISMR categories, the time 575 

series is dominated by synoptic scale (2-8 days) mode, with time of occurrence differs 576 

systematically with monsoon strength, suggesting that even at the synoptic scale, in good 577 

monsoon years (Excess, AN) disturbance activity starts earlier and recurs more regularly, 578 

while in poor years (Deficient) it is shorter, more sporadic bursts.  579 

The figure show presence of a QBM (10-20 days) mode during 11 Jul–2 Aug in above normal 580 

ISMR category suggests a statistically robust quasi-biweekly organization of barotropic KE 581 

transfer during peak monsoon. Excess years show an early-season (pre-onset/onset), lower-582 

frequency intraseasonal component during 1–8 June, suggesting that excess years having an 583 

organized onset-phase, longer-period (near-monthly) barotropic conversion, possibly tied to the 584 

large-scale onset vortex or an early active phase of the 30–60-day intraseasonal oscillation. 585 

5.         Summary of the results: 586 

Indian summer Monsoon, primarily driven by convective, radiative and sensible heat 587 

sources/sinks; with remarkable features that it occurs every year from June to September and the 588 

irregular variation in the amount of seasonal mean rainfall that it brings to India from one year to 589 

another and considerable variation within the season, both in space and time, known as Monsoon 590 

Intra Seasonal Variation (MISV). 591 

There are lots of studies on Monsoon Intra-seasonal Variability/Oscillation (MISV/MISO), as 592 

discussed briefly in the introduction. Generally, for carrying out such studies, primary data such 593 

as daily rainfall, OLR, horizontal wind, and cloud pixel data are used. 594 

It is worth noting that ISMR is the final output of various dynamical and thermodynamical 595 

processes, such as reverse Hadley circulation, Walker circulation, monsoon-midlatitude flow 596 

interaction, diabatic heating, convective instability, etc. Thus, it is envisaged that, along with the 597 

known ISO of ISMR, the variability of the processes driving the Monsoon circulation and 598 

Fig.12 : Wavelet analysis of ࢆࡷ)࡯,  for (a) deficient (b)below normal (ࡱࡷ

(c) normal (d) above normal (e ) excess categories  
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responsible for the outcome, viz., ISMR, will be examined for a more dynamical interpretation 599 

of the ISO of ISMR. 600 

Accordingly, in this study, an attempt has been made to revisit Monsoon Intra-seasonal 601 

variability/oscillation from the perspective of large-scale atmospheric energetics. 602 

Dutta et al. (2019) conducted a study to understand the dynamics of contrasting Indian summer 603 

monsoon rainfall (ISMR) across different years during 1979–2017 from the perspective of large-604 

scale atmospheric energetics. For that, daily values of eddy and zonal available potential energy 605 

(APE), their generation, eddy and zonal kinetic energy (KE), conversions of zonal KE and eddy 606 

APE to eddy KE, and conversions of zonal APE to zonal KE and eddy APE were computed over 607 

the region bounded by 65°E–95°E and 5°N–35°N during the period 1 May to 30 September for 608 

39 years (1979–2017), using daily ECMWF reanalysed atmospheric data at 0.125° × 0.125° 609 

resolution (3 components of wind and temperature). From the daily data, using the Jack-Knife 610 

technique, daily composite anomaly of each of these large-scale energetics parameters was 611 

computed in their study for different ISMR categories, viz., deficient, below normal, normal, 612 

above normal & excess ISMR; following the criteria laid down by the India Meteorological 613 

Department. Results of their study suggest a stronger-than-normal thermally direct circulation in 614 

the zonal-vertical (x-p) plane & a weaker-than-normal thermally direct circulation in the 615 

meridional-vertical (y-p) plane in the above-normal & excess ISMR category. 616 

In the present study, we have used here daily computed values of composite anomaly of the 617 

above-mentioned six large scale atmospheric energetics parameters, viz., Generations of Zonal 618 

Available Potential Energy & Eddy Available Potential Energy, Conversions of Zonal Available 619 

Potential Energy to Zonal Kinetic Energy, Eddy Available Potential Energy to Eddy Kinetic 620 

Energy, Zonal Available Potential Energy to Eddy Available Potential Energy and Zonal Kinetic 621 

Energy to Eddy Kinetic Energy, during 1 May -30 September for the period from 1979 to 2017 622 

(ECMWF reanalysed atmospheric data at 0.125° × 0.125° resolution not available afterwards). 623 

Generation of ZAPE is due to vertically integrated diabatic heating/cooling over warmer/colder 624 

latitudinal belts, which occurs during summer in the northern hemisphere, especially over India 625 

and neighbouring oceanic regions. Thus, a generation of ZAPE acts as an energy reservoir to 626 

drive the forthcoming gigantic southwest monsoon circulation. 627 

This study reveals that, across all ISMR categories, ZAPE generation is primarily a high-628 

frequency process throughout the Indian summer monsoon season, emphasizing the dominant 629 

role of monsoon depressions, low-pressure systems, and other synoptic disturbances in 630 

modulating the meridional covariance between diabatic heating and temperature gradients. 631 

Localized 16–32-day oscillation in above-normal monsoon years suggests occasional quasi-632 

biweekly organization of the heating field. Importantly, the absence of a statistically significant 633 

20–40-day mode indicates that the generation of ZAPE may not be directly controlled by the 634 

canonical monsoon intraseasonal oscillation (MISO). 635 

Conversion of ZAPE to ZKE, expressed mathematically as vertically integrated covariance of 636 

zonal eddy temperature and vertical velocity. Physically, this term signifies the strength of the 637 

mean monsoon circulation, a thermally direct circulation during the ISM in the y-p plane, 638 

converting ZAPE to ZKE due to the rising motion of warmer air and the sinking motion of colder 639 

air. A more positive value indicates a stronger mean monsoon circulation. Accordingly, it may 640 

be thought of serving as a metric of the strength of the mean monsoon circulation during the 641 

southwest monsoon season. 642 

The combined power spectrum and wavelet analyses demonstrate that this energy conversion 643 

process exhibits dominant variability on synoptic (2–8 days), quasi-biweekly (10–20 days), and 644 

intraseasonal (16–32 days) time scales, although the importance of these scales varies with ISMR 645 

category. Intermittent oscillations of the QBM & EQBM, confined mainly to July-August, in the 646 

deficient ISMR category, suggest episodic strengthening of the zonal circulation, whereas, in the 647 

below normal category, only a brief emergence of the QBM event in June suggests weak large-648 
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scale organization. The emergence of both QBM and EQBM during late June to August, in the 649 

normal ISMR category, suggests a balanced interaction between synoptic disturbances and 650 

monsoon intraseasonal oscillations in modulating this conversion process. Above-normal years 651 

are seen to be characterized by a prolonged 10–20-day oscillation during June–July, whereas 652 

excess monsoon years exhibit an exceptionally persistent 10–20-day signal extending from mid-653 

June to mid-September, suggesting continuous conversion of zonal available potential energy 654 

into zonal kinetic energy, supporting a stronger and more organized large-scale monsoon 655 

circulation. 656 

Thus, the intensity of ISMR is closely linked not only to the magnitude of the energy conversion 657 

but also to the persistence and organization of its intraseasonal variability, with more active 658 

monsoons exhibiting longer lasting and more coherent oscillatory energy exchanges. 659 

Conversion of ZAPE to EAPE represents the strength of the combined effect of two processes, 660 

viz., eddy meridional flux of temperature in presence of meridional gradient of temperature and 661 

vertical flux of temperature under different static stability conditions. 662 

During Indian Summer Monsoon Season, . Hence, in the presence of any synoptic-scale 663 

weather system (LOW/WML/D/DD) over this region, there is southerly (northerly) cold (warm) 664 

air transport to the eastern (western) flank and thus converting ZAPE to EAPE. 665 

In case of a mid-latitude westerly belt, where , the northerly cold air advection 666 

( with southward protruding baroclinic waves embedded in the mid-667 

latitude westerly mean flow, results in the reduction in meridional temperature gradient over ISM 668 

region, leading to a reduction in ZAPE at the cost of generation of EAPE, thus leading to 669 

conversion of ZAPE to EAPE. 670 

For the second term, when there is a local convective instability over any latitudinal belt in the 671 

region of study, then . Then rising motion of warmer 672 

air associated with the convection results in the conversion of ZAPE to EAPE. 673 

From the PSA and wavelet analyses performed on the time series of daily composite anomalies 674 

of these energetic parameters for different ISMR categories, it is revealed that the synoptic-scale 675 

(2–8-day) mode is a persistent feature of C (AZ, AE) across all five rainfall categories. A robust 676 

intraseasonal / quasi-biweekly (10–20 day) signal is additionally present in the Deficient, Normal 677 

and Excess categories, but is absent (or not statistically significant) in the Below Normal and 678 

Above Normal categories. This intraseasonal band (10-20 days) is most persistent and energetic 679 

in the Excess category and most episodic in the Deficient category, while the Normal category 680 

shows the broadest temporal extent of significant activity across the season. 681 

The generation of EAPE is due to vertically integrated diabatic heating/cooling over relatively 682 

warmer/colder longitudes. From the mathematical expressions, it is clear that represents 683 

the process of integrated combined effect of zonal gradient of diabatic heating and that of 684 

temperature. With a given E-W temperature gradient, an enhanced diabatic heating (and/or 685 

cooling) over warmer (and/or colder) longitudes results in an enhanced generation of  686 

From the analysis of the results in the previous section, we have seen that, irrespective of the 687 

ISMR categories, G(EAPE) is primarily modulated by the high-frequency synoptic-scale mode 688 

(2-8 days). This signifies the roles of monsoon lows, depressions, and other synoptic-scale 689 

weather systems in SWM in generating EAPE. The difference in modulation lies in the time and 690 

duration of occurrence across the season. In case of excess years, it is frequent, repeated, 691 

statistically robust, whereas for deficient years, it is more continuous but comparatively weaker 692 

activity; above-normal years get a short early burst that doesn't sustain. Only the below-normal 693 

category exhibits brief statistically significant 10–20-day and 16–32-day oscillations during June. 694 
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Conversion of EAPE to EKE, expressed mathematically as vertically integrated covariance 695 

between eddy temperature and eddy diabatic heating, is positive when there is excess diabatic 696 

heating/cooling over warmer/cooler longitudes. Physically, it expresses the strength of a 697 

thermally direct circulation (Walker Circulation) in the x-p plane. 698 

From the PSA and wavelet analysis, performed on the time series of daily composite anomaly of 699 

this energetics parameters for different ISMR categories, it is revealed that the modulation of the 700 

conversion of EAPE to EKE is primarily dominated by high frequency synoptic-scale (2–8 day) 701 

mode across all ISMR categories, implying the importance of monsoon lows, depressions and 702 

mesoscale convective systems in maintaining eddy kinetic energy. Emergence of a 32-64 days 703 

band in above-normal years implies that when rainfall is enhanced, energy conversion is being 704 

modulated not just by fast synoptic eddies but also by the slower large-scale ISO. The coexistence 705 

of three significant bands, viz., 2–4 days, 4–8 days, and 16–32 days, in the excess ISMR category 706 

suggests that excess-rainfall years are characterized by a multi-scale energy conversion process 707 

rather than being driven by a single dominant timescale. 708 

Thus, the analysis indicates that high-frequency (2-8 days) disturbances are the primary 709 

mechanism for converting EAPE into EKE across all ISMR categories; the persistence and 710 

organization of intraseasonal oscillations determine whether this conversion remains episodic 711 

(deficient and below-normal years) or sustained (above-normal and excess years). Consequently, 712 

in the stronger ISMR category, the modulation of this energy conversion process seems to be 713 

associated with more coherent multiscale interactions between synoptic disturbances and 714 

intraseasonal monsoon oscillations, leading to prolonged active monsoon conditions and 715 

increased seasonal rainfall. 716 

Conversion of ZKE to EKE, also known as barotropic conversion to eddy kinetic energy. In a 717 

barotropic instability, the eddy grows by this energy conversion. It represents the vertically 718 

integrated effect of eddy horizontal momentum flux in the presence of horizontal shear of zonal 719 

mean horizontal wind, and that of eddy vertical flux of eddy horizontal momentum in the 720 

presence of vertical shear of zonal mean horizontal wind. Out of all these six terms, in their 721 

mathematical expressions, as discussed in the earlier section, the curvature terms are very small 722 

in the region of study. The remaining four terms represent the conversion of ZKE to EKE through 723 

the interaction of eddies with mean horizontal wind in the presence of meridional and vertical 724 

shear of zonally averaged horizontal wind. During an active monsoon condition, monsoon trough 725 

is stronger, i.e., is large and due to genesis and passage of monsoon lows, depressions, etc., 726 

there is strong eddy transport , making efficient conversion from ZKE to EKE. 727 

From the PSA and wavelet analysis, performed on the time series of daily composite anomaly of 728 

this energetics parameters for different ISMR categories, it follows that, the conversion of zonal 729 

kinetic energy to eddy kinetic energy is predominantly governed by synoptic-scale (2–8-day) 730 

variability across all ISMR categories, emphasizing the central role of monsoon depressions, low-731 

pressure systems, and other transient disturbances in transferring energy from the large-scale 732 

zonal flow to eddies. However, the nature of this conversion varies with monsoon strength. 733 

Above-normal ISMR uniquely exhibits a statistically significant 10–20-day quasi-biweekly 734 

oscillation, indicating stronger scale interaction between synoptic and intraseasonal monsoon 735 

variability. Excess ISMR shows an additional 16–32-day oscillation during the onset phase, 736 

suggesting that low-frequency intraseasonal processes initially modulate eddy development 737 

before synoptic disturbances become dominant later in the season. In contrast, deficient and 738 

below-normal monsoons lack significant intraseasonal periodicities, implying weaker large-scale 739 

organization and more episodic eddy generation. Overall, these results indicate that while 740 

synoptic disturbances provide the primary mechanism for converting zonal kinetic energy into 741 

eddy kinetic energy, stronger monsoon years are characterized by enhanced multiscale 742 

interactions that improve the efficiency and persistence of this energy transfer. 743 
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6. Conclusions: 744 

• Dominant statistically significant periodicities in ܩ(ܣ௓)occur in the 2–8-day band, for all 745 

ISMR categories, emphasizing the dominant role of synoptic disturbances in modulating the 746 

meridional covariance between diabatic heating and temperature gradients. Localized 16–32-747 

day oscillation in above-normal monsoon years suggests occasional quasi-biweekly 748 

organization of the heating field. 749 

• For all categories of ISMR,  750 ܣ)ܥ௓,  ௓), i.e., the strength of mean monsoon circulation, possesses significant oscillation 751ܭ

in the synoptic scale (2-8 days), quasi-biweekly (10-20 days) & excess quasi-biweekly (16-752 

32 days) range, with short duration occurrence in June & July for below-normal & deficient 753 

ISMR categories and longer period occurrence from mid-June to mid-July and mid-June to 754 

mid-September for above normal & excess categories. It also shows oscillation in the MISO 755 

range (30-60 days) in the normal ISMR category. 756 

• Synoptic-scale (2–8 day) mode is a persistent feature of  757 ܣ)ܥ௓,  ா) across all five rainfall categories. A robust intraseasonal / quasi-biweekly (10–20 758ܣ

day) signal is additionally present in the Deficient, Normal and Excess categories, but is 759 

absent (or not statistically significant) in the Below Normal and Above Normal categories. 760 

This intraseasonal band (10-20 days) is most persistent in the Excess category and most 761 

episodic in the Deficient category. 762 

• Irrespective of the ISMR categories, ܩ(ܣா)is mostly modulated by high frequency synoptic 763 

scale mode (2-8 days), signifying the importance of synoptic scale weather systems. In the 764 

excess category, it is a frequent, repeated, statistically robust but comparatively weaker 765 

activity in the deficient category. Only the below-normal category exhibits brief statistically 766 

significant 10–20-day and 16–32-day oscillations during June. 767 

• There is synoptic-scale (2–8 day) variability in ܣ)ܥா ,  ா)i.e., in the strength of Walker 768ܭ

circulation, across all ISMR categories, indicating the importance of synoptic scale weather 769 

systems in ISM for this baroclinic eddy kinetic energy conversion. Besides, in above-normal 770 

and excess monsoon years, the presence of sustained 16–32-day and/or 30–60-day variability 771 

helps maintain efficient baroclinic energy conversion over extended periods. 772 

• Daily composite anomaly of ܭ)ܥ௓,  ா) in all ISMR categories is dominated by synoptic 773ܭ

scale (2-8 days) mode, with time of occurrence differing systematically with monsoon 774 

strength. Emergence of a QBW (10-20 days) mode during 11 Jul–2 Aug in the above normal 775 

ISMR category and a low frequency oscillation (16-32 days) in the excess category suggests 776 

a statistically robust quasi-biweekly organization of barotropic KE transfer during peak 777 

monsoon and an organized onset-phase, longer-period barotropic EKE conversion. 778 
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Table-1 961 

Y    
% OF 
L   

 IRF 
    Y    

% OF 
L   

 IRF 
    

1979 81 D 1998 104 N 

1980 103 9 N 1999 95 6 BN 

1981 99 8 N 2000 92 2 BN 

1982 85 5 D 2001 92 2 BN 

1983 113 E 2002 80 8 D 

1984 95 6 BN 2003 102 3 N 

1985 92 9 BN 2004 86 2 D 

1986 87 3 D 2005 98 7 N 

1987 80 6 D 2006 99 6 N 

1988 119 3 E 2007 105 7  N 

1989 100 9 N 2008 98 3 N 

1990 106 2  N 2009 78 2 D 

1991 90 7 BN 2010 102 N 

1992 93 3 BN 2011 101 6 N 

1993 99 1 N 2012 92 9 BN 

1994 112 5 E 2013 105 6  N 

1995 98 1 N 2014 88 1 D 

1996 103 4 N 2015 85 7 D 

1997 102 2 N 2016 97 4 N 

   2017 95 BN 
 962 
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 969 

 970 

 971 
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Table-2 972 

Illustration of symbols 973 

Sr. 

No 

Symbols Illustration 

1 AE Eddy available potential energy 

2 AZ Zonal available potential energy 

3 KE Eddy kinetic energy 

4 KZ Zonal kinetic energy 

5 G(AZ) Generation of Zonal available potential energy 

6 G(AE) Generation of eddy available potential energy 

7 C(AE, KE) Conversion of Eddy available potential energy to 

Eddy kinetic energy 

8 C(AZ, KZ) Conversion of zonal available potential energy to 

zonal kinetic energy 

9 C(KZ, KE) Conversion of zonal kinetic energy to Eddy kinetic 

energy 

10 C(AZ, AE) Conversion of zonal available potential energy to 

Eddy available potential energy 

11 [S] 
                 ‘S’=

1ఒ೐−ఒೢ ∫ ఒ೐ఒೢߣ݀ܵ  

12 S                  ‘S’ 

=
1sinఝ೙−sinఝೞ ∫ ܵ cos߮ ݀߮ఝ೙ఝೞ  

13 ܵ′′ D                              ‘S’ = ܵ − ܵ̅ 
14 ܵ′ D                               ‘S’ = ܵ − [ܵ] 
15 S* D                                               ‘S’ 

= [ܵ] - ܵ̅   
Mathematical expression of different terms 
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∫ ௓ܣ  ܶ∗2̅̅ ̅̅ ߪ2 ̅ ௉ೞ100݌݀  

∫ ாܣ  ܶ′2̅̅ ̅̅ ߪ2  ௉ೞ100݌݀  

௓ 12௚ܭ  ∫ 2[ݑ])  + ̅̅(2[ݒ] ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ௉ೞ100݌݀̅ ,  

 

∫ா 12݃ܭ  2′ݑ)  + ̅̅(2′ݒ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ௉ೞ100݌݀  

௣ܥௗܴ (௓ܣ)ܩ  ∮ ݌∗[̇ܳ]∗[ߠ]  ݉݀(݌߲ߠ߲−)

௣ܥௗܴ (ாܣ)ܩ  ∮ ݌′̇ܳ′ߠ  ݉݀(݌߲ߠ߲−)

,௓ܣ)ܥ  ∫− (ாܣ [1σv′T′ ∂T∗a ∂∅ + 1σω′T′ ∂T∗∂p ] dpPs100  

,௓ܭ)ܥ   ா) 1௚ܭ

{  
  ∫ [cos߮ݒ′ݑ′ డ௔డఝ [ [௨]cosఝ]] ∫ +௉ೞ100݌݀ 2′ݒ] డ[௩]௔డఝ] ௉ೞ100݌݀ + ∫ [tanఝ௔ [[ݒ]2′ݑ ௉ೞ100݌݀  +  ∫ ′ݑ′߱] డ[௨]డ௣ ] ௉ೞ100݌݀ + ∫ ′ݒ′߱] డ[௩]డ௣ ] ௉ೞ100݌݀ }  

  
  

ாܣ)ܥ  , − (ாܭ 1݃ ∫ ݌ ܴ ௉ೞ100݌݀′ܶ′߱  
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    [ 𝑮  (   𝑨  𝒁 ) ]


  G  (   A  Z )


  T


    T ∗ .


  C  (   A  E ,   K  E )


  C  (   A  Z ,   K  Z )


    A  Z


    K  Z


  C  (   A  Z ,   K  Z )  


  C  (   A  Z ,   K  Z ) = −  1  g   ∫ 100    P  s    R    p     𝜔 ∗   T ∗ ¯ d p


    A  Z


    K  Z


  G  (   A  Z )  


  C  (   A  Z ,   A  E )


  G  (   A  E )


    𝑨  𝒁


    𝑨  𝑬 [


  𝑪  (   𝑨  𝒁 ,   𝑨  𝑬 ) ]


    A  Z


    A  E


  C  (   A  Z ,   A  E ) = −   ∫ 100   P s   [    1 σ v ′ T ′   ∂  T ∗  a ∂ ∅ ¯ +    1 σ ω ′ T ′   ∂  T ∗  ∂ p ¯ ] dp


  G  (   A  Z )


  G  (   A  Z )


  G  (   A  Z )


  [ 𝑮  (   𝑨  𝑬 ) ]


    A  E )


  G  (   A  E ) =     R  d    C  p  ∮      𝜃 ′     Q . ′  p  ( −   𝜕   𝜃 ¯  𝜕 p ) d m .


      Q . ′ =   𝜕   Q .  𝜕 x 𝛿 x   a n d     𝜃 ′ =


    𝜕 𝜃  𝜕 x 𝛿 x   .


    A  Z )


  G  (   A  E )


    A  E .


  G  (   A  E )


  G  (   A  E )


  G  (   A  E )


  G  (   A  E )


  G  (   A  E )


   (   ∂  T ∗  a ∂ ∅ )


    ∂   T ∗  a ∂ φ > 0


   (     v ′   T ′ - < 0 )


  G  (   A  Z ) =     R  d    C  p  ∮       [ 𝜃 ] ∗    [   Q . ] ∗  p  ( −   𝜕   𝜃 ¯  𝜕 p ) d m


    ∂   T ∗  a ∂ φ > 0


    ∂  T ∗  a ∂ ∅ < 0


      v ′   T ′ - > ) ,   a s s o c i a t e d


  −   𝜕   T ∗  𝜕 z >   g    C  p ⇒   𝜕   T ∗  𝜕 p >   𝛼    C  p > 0


   ( 𝜔 < 0 )


   (   T ′ > 0 )


  𝑪  (   𝑨  𝒁 ,   𝑨  𝑬 )


  𝑪  (   𝑨  𝒁 ,   𝑨  𝑬 )


  C  (   A  Z ,   A  E )


  C  (   A  Z ,   K  Z )


     [ 𝜃 ] ∗ =   𝜕  [ 𝜃 ]  𝜕 y 𝛿 y   a n d        [ Q ] . ∗ =   𝜕  [   Q . ]  𝜕 y 𝛿 y


  𝑪  (   𝑨  𝒁 ,   𝑲  𝒁 )


  𝑪  (   𝑨  𝒁 ,   𝑲  𝒁 )


  𝑪  (   𝑨  𝑬 ,   𝑲  𝑬 )


  𝑪  (   𝑨  𝑬 ,   𝑲  𝑬 )


  𝑪  (   𝑲  𝒁 ,   𝑲  𝑬 )


  𝑪  (   𝑲  𝒁 ,   𝑲  𝑬 )


  G  (   A  Z )


  C  (   A  Z ,   K  Z )


  C  (   A  Z ,   A  E )


  G  (   A  E )


     [ 𝜃 ] ∗ =   𝜕  [ 𝜃 ]  𝜕 y 𝛿 y   a n d        [ Q ] . ∗ =   𝜕  [   Q . ]  𝜕 y 𝛿 y


  C  (   A  E ,   K  E )


  C  (   K  Z ,   K  E )


   1    𝜆  e −   𝜆  w   ∫    𝜆  w    𝜆  e  S d 𝜆


   1   sin ⁡    𝜑  n −  sin ⁡    𝜑  s   ∫    𝜑  s    𝜑  n  S  cos ⁡  𝜑 d 𝜑


    S  ′ ′


  S


    S -


    S ′


  = S


   [ S ]


  G  (   A  Z )


   [ S ]


    S -


    A  Z


    ∫ 100    P  s          T ∗ 2 -    2 𝜎 d p


    A  E


    ∫ 100    P  s          T ′ 2 -    2 𝜎 d p


    K  Z


   1  2 g   ∫ 100    P  s      (    [ u ] 2 +    [ v ] 2 ) - d p


    K  E


   1  2 g   ∫ 100    P  s      (   u ′ 2 +   v ′ 2 ) - d p


    A  Z .


  G  (   A  Z )


      R  d    C  p  ∮       [ 𝜃 ] ∗    [   Q . ] ∗  p  ( −   𝜕   𝜃 ¯  𝜕 p ) d m


  G  (   A  E )


      R  d    C  p  ∮      𝜃 ′     Q . ′  p  ( −   𝜕   𝜃 ¯  𝜕 p ) d m


  C  (   A  Z ,   A  E )


  −   ∫ 100   P s   [    1 σ v ′ T ′   ∂  T ∗  a ∂ ∅ ¯ +    1 σ ω ′ T ′   ∂  T ∗  ∂ p ¯ ] dp


  C  (   K  Z ,   K  E )


   1  g


   {      ∫ 100    P  s   [  cos ⁡  𝜑 u ′ v ′   𝜕  a 𝜕 𝜑  [    [ u ]   cos ⁡  𝜑 ] ] d p   +     ∫ 100    P  s     [   v ′ 2   𝜕  [ v ]  a 𝜕 𝜑 ] ¯ d p +   ∫ 100    P  s     [    tan ⁡  𝜑  a   u ′ 2  [ v ] ] ¯ d p     +       ∫ 100    P  s     [ 𝜔 ′ u ′   𝜕  [ u ]  𝜕 p ] ¯ d p +   ∫ 100    P  s     [ 𝜔 ′ v ′   𝜕  [ v ]  𝜕 p ] ¯ d p }


  C  (   A  E ,   K  E )


  G  (   A  Z )


  −  1  g   ∫ 100    P  s    R    p   𝜔 ′ T ′ ¯ d p


  C  (   A  Z ,   K  Z )


  −  1  g   ∫ 100    P  s    R    p     𝜔 ∗   T ∗ ¯ d p


  C  (   A  E ,   K  E )


   [ 𝑪  (   𝑲  𝒁 ,   𝑲  𝑬 ) ]


  C  (   K  Z ,   K  E )


  C  (   K  Z ,   K  E ) =  1  g  {      ∫ 100    P  s    𝜕  [ u ]  a 𝜕 𝜑   u ′ v ′ - d p +   ∫ 100    P  s     [   v ′ 2   𝜕  [ v ]  a 𝜕 𝜑 ] ¯ d p +   ∫ 100    P  s     [   u ′ 2  [ v ] ] ¯ d p       +       ∫ 100    P  s     [ 𝜔 ′ u ′   𝜕  [ u ]  𝜕 p ] ¯ d p +   ∫ 100    P  s     [ 𝜔 ′ v ′   𝜕  [ v ]  𝜕 p ] ¯ d p }


   1  g   ∫ 100    P  s     [      [ v ] tan ⁡  𝜑  a   u ′ 2 +    [ u ] t a n 𝜑  a   u ′ v ′ - ] ¯ d p


    u ′ ,     v ′ ,   𝜔 ′ )  


   [ u ] ,    [ v ]


  G  (   A  Z )


   (   𝜕  [ u ]  a 𝜕 𝜑 ,     𝜕  [ v ]  a 𝜕 𝜑 )


   (   𝜕  [ u ]  𝜕 p ,     𝜕  [ v ]  𝜕 p )


    𝜕  [ u ]  a 𝜕 𝜑  


      u ′ v ′ -


  C  (   A  E ,   K  E )


   [ 𝑪  (   𝑨  𝑬 ,   𝑲  𝑬 ) ]


  C  (   A  E ,   K  E ) = −  1  g   ∫ 100    P  s    R    p   𝜔 ′ T ′ ¯ d p


  C  (   A  E ,   K  E ) = −  1  g   ∫ 100    P  s    R    p   𝜔 ′ T ′ ¯ d p


  𝜔


    𝜔 ∗

