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The second week of July 2022 witnessed persistent 
heavy rainfall episodes over the Indian states of Gujarat, 
Maharashtra, Telangana and coastal Karnataka. Accord-
ing to media reports, this led to localized flooding over 
these regions. Rainfall data from the India Meteoro-
logical Department revealed that heavy to very heavy 
rainfall with extremely heavy rainfall at isolated places 
had occurred over Gujarat region for five days; over 
Saurashtra and Kutch, Konkan and Goa, Telangana 
and coastal Karnataka for three days each, and over 
Madhya Maharashtra and Vidarbha for two days each 
during 7–13 July 2022. The present study aimed to 
evaluate the meteorological parameters, associated syn-
optic systems, and dynamic and thermodynamic para-
meters responsible for such persistent heavy rainfall 
episodes over these regions during the second week of 
July. The following meteorological conditions may have 
resulted in persistent heavy-rainfall episodes: (i) Loca-
tion of monsoon trough (south of the normal position). 
(ii) An offshore trough along the west coast of India 
during the study period. (iii) An east–west shear zone/ 
trough in the lower/mid tropospheric levels across the 
northern parts of peninsular India and southward tilt. 
(iv) Convergence of strong monsoon westerlies along 
the west coast of India. (v) Favourable relative vorticity 
up to middle tropospheric levels. (vi) Favourable low-
level convergence and upper-level divergence. Favour-
able air temperature and vertical velocity (omega) at 
different tropospheric levels. (vii) Favourable relative 
humidity profile at the lower tropospheric levels. 
 
Keywords: Extremely heavy rainfall, floods, meteoro-
logical analysis, southwest monsoon. 
 
EXTREME weather (EW) events usually lead to major dis-
asters in different parts of India. The India Meteorological 
Department (IMD), New Delhi, has provided information 
on the distribution of extreme weather events and associ-
ated loss of human lives in the country during 2021 (refs 
1, 2). The distribution of EW events for 1978–2006 in India 
has been documented3. A brief review of the EW events in 
India for 1991–2004 is also available4. Based on 50 years 
of data (1970–2019) from IMD, mortality rates of differ-

ent EW events were studied5. It was found that extreme 
rainfall events across central India have tripled since 1950 
(ref. 6). The variability of extreme rainfall events over India 
during the southwest (SW) monsoon period was studied 
using daily rainfall data for 55 years (1951–2005)7. The 
trends of extreme precipitation events during the Indian 
summer monsoon season in the past 120 years (1901–
2020) were analysed8. Meteorological features associated 
with unprecedented precipitation over the country during 
the first week of March 2015 were identified with the help 
of different meteorological tools9. These studies suggest an 
increase in extreme rainfall events during the monsoon pe-
riod in different parts of India. 
 In this study, we have analysed a significant extreme 
rainfall episode for a longer period from 7 to 13 July 2022, 
over eight meteorological sub-divisions from the Indian 
states of Gujarat, Maharashtra, Telangana and Karnataka. 
The associated synoptic, thermodynamic and dynamic condi-
tions were studied to understand the meteorological condi-
tions responsible for this long spell of very heavy to 
extremely heavy rainfall over the region during the period 
of study. 

Study area, description of severe weather events,  
data sources and methodology 

In this study, the classification of 24 h rainfall (RR24, Box 
1) and meteorological sub-divisions have been adopted 
from IMD (Figure 1). 
 The second week of July 2022 witnessed persistent heavy 
rainfall episodes over the meteorological sub-divisions of 
Gujarat, Maharashtra, Telangana and coastal Karnataka 
(Figure 2). 
 On 11 July 2022, 60 cm rainfall was reported, which 
was the highest among all days of study. Figure 3 shows a 
plot of the date and sub-division-wise highest rainfall.  
 
 
 Box 1. IMD’s classification of heavy rainfall. 

Heavy rainfall, 7 cm < RR24 < 12 cm 
Very heavy rainfall, 12 cm ≤ RR24 < 21 cm 
Extremely heavy rainfall, 21 cm ≤ RR24 
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Figure 1. Meteorological classification of India. (Source: India Meteorological Department, New Delhi; mausam.imd.gov.in) 
 
 

 
 

Figure 2. Number of stations reporting (a) very heavy rainfall and (b) extremely heavy rainfall 
during 7–13 July 2022. (CK, Coastal Karnataka; SK, Saurashtra and Kutch; GU, Gujarat region; 
KG, Konkan and Goa; VD, Vidarbha; MM, Madhya Maharashtra; MR, Marathwada and TE,  
Telangana). 
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Figure 3. Data sub-division-wise highest rainfall (cm) reported over a station during 7–13 July. 
 
 

 
 

Figure 4 a–g. Merged (gauge + GPM; 0.25 × 0.25) rainfall during 7–13 July. (Source: https://imdpune.gov.in/lrfindex.php re-
ceived through NWP Div. IMD, New Delhi.) 

 

 
 

Figure 5. Flood normalized vulnerability index (annual). (Source: 
Climate Hazard and Vulnerability Atlas of India21, IMD, Pune; https:// 
imdpune.gov.in/hazardatlas/floodnew.html.) 

Figure 4 shows the observed gridded rainfall data 
(0.25 × 0.25 resolution). 
 The flood normalized vulnerability index (F-NVI) and 
the total number of flood events from 1969–2019, sourced 
from IMD, are shown in Figures 5 and 6 respectively. 
Moderate to high F-NVI has been reported over the study 
regions (Figure 5). Moreover, the total number of flood 
events in these meteorological subdivisions fell in the cat-
egory of moderate to high (Figure 6). Flood conditions 
during 2022 have been reported by several studies10–14. 
 Figure 7 shows the July 2022 standardized precipitation 
index (SPI)15. During this month, mildly wet to extremely 
wet conditions prevailed over the region (Figure 7). This 
may be one of the possible reasons for flood conditions 
over these sub-divisions. Further details and data related 
to SPI can be obtained from IMD Pune16. 
 Rainfall data were collected from the National Weather 
Forecasting Centre (NWFC), IMD, New Delhi. Plotted 
synoptic charts were obtained from IMD Pune and used to 

https://imdpune.gov.in/lrfindex.php
https://imdpune.gov.in/hazardatlas/floodnew.html
https://imdpune.gov.in/hazardatlas/floodnew.html
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study synoptic systems. For details related to synoptic sys-
tems, all-India weather bulletins from IMD were used. The 
thermodynamic parameters were downloaded from the 
University of Wyoming, USA17 and the dynamic parameters 
from the Cooperative Institute for Meteorological Satellite 
Studies18. Sources are mentioned at the bottom of most of 
the images. 
 Using NWP IMD-GFS, National Centers for Environ-
mental Prediction re-analysis meteorological conditions 
are discussed under four heads19, upper (200 hPa), middle 
(500 hPa), lower (925–700 hPa) and surface tropospheric 
levels. The associated thermodynamic conditions are discus-
sed with the help of physical parameters, viz. Showalter  
 
 

 
 

Figure 6. Total number of flood events (1969–2019). (Source: Climate 
hazard and vulnerability Atlas of India20, IMD Pune; https:// 
imdpune.gov.in/hazardatlas/floodnew.html.) 

 

 
 

Figure 7. Standardized precipitation index during July 2022. (Source: 
IMD Pune; https://imdpune.gov.in/hydrology/hydrg_index.html.) 

index (SI), lifted index (LI), SWEAT index (SWEAT), K 
index (KI), totals total index (TTI), CAPE and bulk Rich-
ardson number (BRN). Appendix 1 gives the units of 
physical parameters. 

Results and discussion 

Synoptic conditions 

Synoptic scale systems, the dynamic and thermodynamic 
states of the atmosphere, are the generic tools in the basic 
understanding of natural disasters. This section deals with 
the associated synoptic conditions in detail to understand 
the heavy rainfall episode during 7–13 July 2022. 

Upper tropospheric levels 

Wind analysis at 200 hPa: The main purpose of the analysis 
of 200 hPa winds is to identify the jet core of the region. 
Overall, the analysis revealed that at 200 hPa, no easterly/ 
northeasterly winds stronger than 40–50 knots were repor-
ted during 7–13 July 2022. The zone of strong easterly 
winds in the order of 40–50 knots was reported over dif-
ferent parts of Gujarat, Maharashtra and Telangana on dif-
ferent dates (Figure 8 a–g). 
 
Temperature analysis at 200 hPa: During the period, 
warm core highs were reported over the study region with 
the temperature range 222–228 K. The supplementary 
Figure 1 provides more details. 
 

Relative vorticity profile at 200 hPa: During the period, 
the vorticity profile of positive vorticity (10–20 units) per-
sisted over the study region and remained favourable. The 
supplementary Figures 2 and 3 provide more details. 
 

Upper-level divergence: Overall, it was found that upper-
level divergence (ULD) was around 5–10 units over the  
region. The supplementary Figures 4 and 5 provides more 
details. 

Middle tropospheric levels 

Wind analysis at 500 hPa: The analysis revealed a cyclonic 
circulation (CC) over Bay of Bengal (BoB)–coastal An-
dhra Pradesh (CAP) and a trough over the study region, as 
well as moisture feed from the BoB and the Arabian Sea 
(Figure 9 a–g). 
 
Temperature analysis at 500 hPa: Two intense warm core 
highs were seen along the sides of the Arabian Sea and 
BoB (271–274.5 K closed isotherm, gradient 3–6.5 K). 
The supplementary Figure 6 provides more details. 
 
Vertical velocity at 500 hPa: It is a known scientific fact 
that a negative value of vertical velocity (omega) is favoura-
ble for heavy rainfall. The analysis concluded that the

https://imdpune.gov.in/hazardatlas/floodnew.html
https://imdpune.gov.in/hazardatlas/floodnew.html
https://imdpune.gov.in/hydrology/hydrg_index.html
https://www.currentscience.ac.in/Volumes/125/10/1068-suppl.pdf
https://www.currentscience.ac.in/Volumes/125/10/1068-suppl.pdf
https://www.currentscience.ac.in/Volumes/125/10/1068-suppl.pdf
https://www.currentscience.ac.in/Volumes/125/10/1068-suppl.pdf
https://www.currentscience.ac.in/Volumes/125/10/1068-suppl.pdf
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Figure 8 a–g. IMD GFS wind analysis at 200 hPa during 7–13 July 2022. Observed rainfall on: a, 7 July 2022; b, 
8 July 2022; c, 9 July 2022; d, 10 July 2022; e, 11 July 2022; f, 12 July 2022; g, 13 July 2022. 

 

 
negative vertical velocity profile was favourable for persi-
stent heavy rainfall over coastal Karnataka, Gujarat, Maha-
rashtra and Telangana. The supplementary Figure 7 provides 
more details. 
 
Vorticity profile at 500 hPa: During the study period, the 
vorticity profile was favourable (30–40 units and reached 
50–60 units) for the EW events. The supplementary Fig-
ures 8 and 9 provides more details. 

Lower tropospheric levels 

Wind analysis: The analysis of the 925 hPa winds on 7 and 8 
July 2022, showed two CCs. (i) over Pakistan adjoining 
Rajasthan, and (ii) over coastal Odisha and adjoining areas 
with a trough across Central India (Figure 10 a–d). Mois-
ture incursion due to winds with westerly components was 
observed over Maharashtra, Karnataka and Telangana, and 
southwesterly winds prevailed over Gujarat. On 11 July 
2002, the CC over Pakistan moved away, and other patterns 
persisted over the study region (Figure 10 e). On 12 and 
13 July 2022, similar patterns persisted over the region 
(Figure 10 f and g). 
 Therefore, at 925 hPa, the following synoptic systems 
were active during 7–13 July 2022: (i) A cyclonic circula-
tion over the coastal areas of Odisha. (ii) An extension of the 

monsoon trough across Central India. (iii) Strong westerly 
winds leading to moisture incursion from the Arabian Sea. 
 Figures 11 and 12 show the wind analysis at 850 and 
700 hPa respectively. Here, the synoptic systems are similar 
to those at 925 hPa; hence, details are not mentioned. 
 
Temperature analysis at 850 hPa: On 7 July 2022, a warm 
core high was reported over north Haryana, with a peak 
intensity of the order of 297 K and a temperature gradient 
of 4 K. The gradient was estimated from the northern parts of 
Maharashtra and Gujarat. On 8 July 2022, two warm core 
highs of the same intensity were visible with the following 
details. The supplementary Figure 10 provides more de-
tails. 
 (i) Temperature started increasing from coastal Andhra 
Pradesh (292 K) to Nepal and its north and reached 304 K 
or more across the parts of north Maharashtra, Central and 
North India. The gradient reported was more than 12 K. 
When restricted to the Indian land mass, the gradient from 
coastal Andhra Pradesh to North India (northeast Uttar 
Pradesh) was reported to be in the order of 6 K. 
 (ii) Another belt of high temperature was reported over 
Pakistan and adjoining Afghanistan. The temperature started 
increasing from the north Arabian Sea and adjoining areas 
of Gujarat (292 K) to the highest over Pakistan and adjoining 
Afghanistan (304 K; closed isotherm). The gradient was 
reported to be in the order of 12 K. 

https://www.currentscience.ac.in/Volumes/125/10/1068-suppl.pdf
https://www.currentscience.ac.in/Volumes/125/10/1068-suppl.pdf
https://www.currentscience.ac.in/Volumes/125/10/1068-suppl.pdf
https://www.currentscience.ac.in/Volumes/125/10/1068-suppl.pdf
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Figure 9 a–g. IMD GFS wind analysis at 500 hPa during 7–13 July 2022. 
 

 
 

Figure 10 a–g. IMD GFS wind analysis at 925 hPa during 7–13 July 2022. 
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Figure 11 a–g.  IMD GFS wind analysis at 850 hPa during 7–13 July 2022. 
 

 
 

Figure 12 a–g. IMD GFS wind analysis at 700 hPa during 7–13 July 2022. 
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 On 9 July 2022, two warm-core highs were reported with 
weak intensity compared to that of 8 July 2022 (difference 
in gradient was 1 K) over North India, and a warm core 
high over Pakistan and adjoining Afghanistan that shifted 
towards Afghanistan. On 10 July 2022, one warm-core high 
was reported over Central India with an intensity in the 
order of 296 K and a gradient of 4 K. Another warm core 
high was seen over Nepal and its north, as well as another 
over Afghanistan and adjoining Pakistan. Besides these 
features, one circular closed isotherm (291 K) was reported 
over north BoB and adjoining areas of coastal West Bengal 
and southern Bangladesh. On 11 July 2022, an almost 
similar pattern followed, except the closed isotherm over 
north BoB and its neighbourhood was not observed. Other-
wise, the warm core high persisted over Central India. On 
12 July 2022, the warm core high over Central India shifted 
northwards, was seen over the plains of Northwest India 
and extended up to the Tarai belt of Uttar Pradesh. On 13 
July 2022, the warm core high over the plains of Central 
India further shifted northwards and was seen over the 
Western Himalayan region. This northward shift suggested a 
reduction in the intensity of rainfall over North Peninsular 
India and Gujarat from 13 July 2022. 
 
Vertical velocity (omega) at 850 hPa: From the analysis, 
it was concluded that the negative vertical velocity profile 
(–2.0 Pa/s) was favourable for persistent heavy rainfall 
over coastal Karnataka, Gujarat, Maharashtra and Telan-
gana (Supplementary Figure 11). 
 
Relative humidity at 700 hPa: Relative humidity (RH) at 
the level of 700 hPa was used from NCEP reanalysis. It 
was found favourable over most parts of the region of the 
study during the period (between 75% and 85%). 
 
Vorticity profile at 700 hPa: It was seen about 30–40 units 
and occasionally 50–60 units over the study region and 
remained in favourable conditions (Supplementary Fig-
ures 12 and 13). 
 
Vorticity profile at 850 hPa: It was seen about 50–60 units 
and occasionally 100–120 units over the study region and 
remained in favourable conditions (Supplementary Fig-
ures 14 and 15). 
 
Low-level convergence: Low-level convergence (LLC) was 
seen about 10–20 units over the study region and remain 
favourable (Supplementary Figures 16 and 17). 

Analysis at the surface levels 

During the study period, at the surface level, the monsoon 
trough was in south of its normal position. A well-marked 
low-pressure area (WML)/low-pressure area (LPA) over 
the northeast Arabian Sea/BoB. Thereafter, the offshore 
trough was active over land areas in Rajasthan and Odisha. 

Thermodynamic conditions 

To study the thermodynamic conditions during 7–13 July 
2022, upper air data and thermodynamic parameters of a 
nearby radio sonde observing station at Nagpur in the 
Vidarbha region of Maharashtra were collected from the 
Department of Atmospheric Sciences, University of Wy-
oming, USA (Figure 13). 
 The limitation of the present study is that if we could 
get more upper-air data from other stations, a clearer picture 
may emerge with respect to thermodynamic parameters. 
However, based on data availability and the geographical 
location of Nagpur, thermodynamic parameters were ac-
ceptable for other meteorological sub-divisions of Maha-
rashtra and Telangana. The general threshold values of 
different thermodynamical indices for favourable convec-
tive activities were adopted from IMD-FDP Strom Bulletin 
(Table 1; ref. 20), which were compared with those of the 
present study. 
 The SI showed negative values during 7–13 July 2022, 
with the exception on 000 UTC of 11 July 2022 (0.26). 
The lowest SI values were recorded on 9 July 2022, and 
also on 1200 UTC of 12 July 2022, close to threshold values 
on these days. A similar trend was reported for LI, with 
the lowest value on 0000 UTC of 8 and 9 July 2022, and 
at 1200 UTC on 12 July 2022. LI was recorded positive on 
0000 UTC of 11 July 2022. It was close to the threshold val-
ues on 9 and 12 July 2022. The SWEAT index followed a 
persistent pattern (≥250 units) throughout the study period. 
Accordingly, this index was not favourable. The same was 
true for the KI, which reported the highest values on 9 and 
12 July 2022 (≥40 units). Hence, LI was in good agreement 
with the threshold values. TTI was reported to be more 
than 40 units throughout the study period, with the lowest 
value on 11 July 2022. It was close to the threshold values 
on 9 and 12 July 2022. CAPE exceeded the threshold values 
on 8 and 12 July 2022. 
 From this discussion, it is clear that most of the thermo-
dynamic parameters were more favourable for severe 
weather over the region during the period of study, except 
on 11 July 2020. It can also be inferred that the thermody-
namic parameters at 1200 UTC are more favourable com-
pared to 0000 UTC on most days during the study period 
over the region. All these indices satisfied the threshold 
values and remained favourable during 8, 9 and 12 July 
2022. However, the SWEAT index was not favourable. 

Summary, recommendations and future scope 

In this study, we analysed the various atmospheric and envi-
ronmental features and synoptic systems associated with 
unprecedented heavy rainfall over several parts of Gujarat, 
Maharashtra, Telangana and coastal Karnataka during the 
second week of July 2022. During the same period, flood 
conditions prevailed over different parts of these regions. 
From detailed discussion and scrutiny of the All India 

https://www.currentscience.ac.in/Volumes/125/10/1068-suppl.pdf
https://www.currentscience.ac.in/Volumes/125/10/1068-suppl.pdf
https://www.currentscience.ac.in/Volumes/125/10/1068-suppl.pdf
https://www.currentscience.ac.in/Volumes/125/10/1068-suppl.pdf
https://www.currentscience.ac.in/Volumes/125/10/1068-suppl.pdf
https://www.currentscience.ac.in/Volumes/125/10/1068-suppl.pdf
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Figure 13. Thermodynamic indices (7–13 July 2022). Data for 0000 UTC of 13 July 2022 are missing in the figure. 
 
 

Table 1. Threshold values of thermodynamic indices20 

Thermodynamic index Threshold value taken 
 

Showalter index <–4 
Lifted index <–6 
SWEAT index >600 
K index >40 
Totals total index >52 
CAPE >1000 
CIN 50–200 

 
 
Weather Bulletins of IMD during the same period, the fol-
lowing dominant synoptic systems may be listed. 
 

(i)  Location of monsoon trough. It is important to note 
that Gujarat, Maharashtra and adjoining areas received 
rainfall when the location of the monsoon trough is 
south of its normal position. This might be due to LPA 
and other synoptic systems. In the present case, 
WML and LPA were seen over the study region. 

(ii)  An offshore trough along the west coast of India dur-
ing the period of study. The offshore trough along the 
west coast remained a favourable meteorological 
condition for EH activities, mainly over Karnataka. 

(iii)  An east–west shear zone/trough in the lower/mid tropo-
spheric levels across the northern parts of Peninsular 
India and a southward tilt. This is one of the favour-

able conditions for heavy rainfall over Maharashtra, 
Telangana and Gujarat. 

(iv)  Convergence of strong monsoon westerlies along the 
west coast of India. These conditions were the drivers 
of the moisture transport to the study regions; hence, 
the heavy monsoon rainfall could persist for a longer 
period. 

(v)  Favourable relative vorticity up to middle troposphe-
ric levels, LLC and ULD supported the rainfall acti-
vities. 

(vi)  Favourable high values of RH, air temperature (warm 
core highs) and negative values of vertical velocity 
(omega) at different tropospheric levels also support-
ed weather activities. 

 
 It is interesting to note that if we can follow the forecast 
track of synoptic systems, the pattern of rainfall distribution 
and intensity may be forecasted. For the forecast track of 
synoptic systems, consensus from different NWP models 
and value addition based on seasonal climatology and op-
erational forecaster experience may be taken into account. 
Once the consensus for the evolution of the synoptic sys-
tems is confirmed, the zone of heavy rainfall is suitably 
identified. In this study, accordingly, at different tropo-
spheric levels, a detailed analysis is proposed, and most of 
the associated scientific issues have been discussed in detail 
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for a better understating of heavy rainfall events during 
the southwest monsoon and evolution of the synoptic sys-
tem on a day-to-day basis. 
 It is further pointed out that although we have climato-
logical information in respect of heavy rainfall. While en-
countering heavy rainfall forecast, the present case study 
may be used as a reference case study. If the meteorological 
systems synchronized in this way the operational forecaster 
must consider the possibility of heavy rainfall over the re-
gion. The values of different thermodynamic parameters 
also useful for possible heavy rainfall events in the future. 
Day-to-day tracking of synoptic systems also proposes 
shifting heavy-intensity rainfall zones and movement of 
the cloud mass. The scope of this study is to deal with 
heavy rainfall events during the southwest monsoon. This 
will help enhance the knowledge of operational forecast-
ers, disaster managers and decision managers. 
 With regard to future research, the above heavy rainfall 
events may be studied with the help of remote sensing 
tools like real-time imageries of radar, and satellites may 
be mapped with the zones of heavy rainfall and the directions 
of significant cloud mass. Moreover, the pattern of global 
features like ENSO, IOD and oceanic parameters like SST 
in the BoB and Arabian Sea may also be studied during 
the same period. 
 
Disclaimer: The contents and views expressed in this study 
are those of the authors and do not necessarily reflect the 
views of the organizations they belong to. There is no 
conflict of interest and no financial support was received 
for this study. 
 
 

1. India Meteorological Department (IMD) press release statement on 
‘Climate of India during 2021’; https://internal.imd.gov.in/press_ 
release/20220114_pr_1437.pdf (accessed on 20 September 2022). 

2. mausam.imd.gov.in (accessed on 26 September 2022). 
3. Ajay, S. and Anand, P., Spatio-temporal distribution of extreme 

weather events in India. APCBEE Proc., 2012, 1, 258–262. 

4. De, U. S., Dube, R. K. and Prakasa Rao, G. S., Extreme weather 
events over India in the last 100 years. J. Indian Geophys. Union, 
2005, 9(3), 173–187. 

5. Ray, K., Giri, R. K., Ray, S. S., Dimri, A. P. and Rajeevan, M., An 
assessment of long-term changes in mortalities due to extreme 
weather events in India: a study of 50 years’ data, 1970–2019. 
Weather Clim. Extrem., 2021, 32, 100315; https://doi.org/10.1016/ 
j.wace.2021.100315. 

6. Roxy, M. K. et al., A threefold rise in widespread extreme rain 
events over central India. Nature Commun., 2017, 8(1), 708; https:// 
doi.org/10.1038/s41467-017-00744-9. 

7. Pattanaik, D. R. and Rajeevan, M., Variability of extreme rainfall 
events over India during southwest monsoon season. Meteorol. 
Appl., 2010, 17, 88–104; https://doi.org/10.1002/met.164. 

8. Falga, R. and Wang, C., The rise of Indian summer monsoon pre-
cipitation extremes and its correlation with long-term changes of 
climate and anthropogenic factors. Sci. Rep., 2022, 12, 11985; 
https://doi.org/10.1038/s41598-022-16240-0. 

9. Kumar, N., Mohapatra, M. and Jaswal, A. K., Meteorological fea-
tures associated with unprecedented precipitation over India during 
1st week of March 2015. J. Earth Syst. Sci., 2017, 126(62); https:// 
doi.org/10.1007/s12040-017-0842-y. 

10. https://www.newindianexpress.com/nation/2022/jul/13/84-dead-in-
maharashtra-floods-mumbai-on-alert-2475961.html (accessed on 26 
September 2022). 

11. https://www.newindianexpress.com/states/telangana/2022/jul/12/tel
angana-floods-godavari-in-spate-houses-collapse-streets-turn-into-
streams-2475660.html (accessed on 26 September 2022). 

12. https://floodlist.com/asia/india-floods-gujarat-july-2022 (accessed 
on 26 September 2022). 

13. https://scroll.in/video/1027876/watch-heavy-rainfall-in-coastal-karna- 
taka-causes-flood-like-situation-rescue-operations-underway (accessed 
on 26 September 2022). 

14. IMD-Pune, Climate summary for the month of July 2022; https:// 
imdpune.gov.in/Monthly_Clim_Summary_7_2022.pdf (accessed 
on 20 September 2022). 

15. World Meteorological Organization, Standardized Precipitation 
Index User Guide; https://library.wmo.int/doc_num.php?explnum_ 
id=7768 (accessed on 26 September 2022). 

16. https://imdpune.gov.in/hydrology/hydrg_index.html (accessed on 
26 September 2022). 

17. https://weather.uwyo.edu/upperair/sounding.html (accessed on 20 
September 2022). 

18. https://tropic.ssec.wisc.edu/ (accessed on 25 September 2022). 
19. http://psl.noaa.gov/ (accessed on 26 September 2022). 
20. IMD, Climate Hazard and Vulnerability Atlas of India, India Meteo-

rological Department, Pune; https://imdpune.gov.in/hazardatlas/ 
floodnew.html (accessed on 25 September 2022). 

21. IMD-FDP Strom Bulletin, https://nwp.imd.gov.in/fdp_now/fdp_ 
bulletins/fdp.pdf (accessed on 26 September 2022). 

 
 
ACKNOWLEDGEMENTS. We thank the DG, India Meteorological 
Department (IMD), New Delhi and Head, National Weather Forecasting 
Centre and Regional Specialized Meteorological Centre, IMD for their 
support and motivation. We also thank to the University of Wyoming, 
USA, for upper air data and thermodynamic indices, Cooperative Insti-
tute for Meteorological Satellite Studies for dynamical parameters, and 
IMD Delhi and Pune for providing the plotted charts and other meteoro-
logical data, including rainfall.  
 
 
Received 16 November 2022; revised accepted 31 July 2023 
 

doi: 10.18520/cs/v125/i10/1068-1077 
 

Appendix 1. Units of physical parameters 

Physical parameter Unit 
 

Relative vorticity 10–5/sec 
Upper-level divergence 10–5/sec 
Lower-level convergence 10–5/sec 
Relative humidity Percent (%) 
Vertical velocity (Omega) Pa/s 
Air temperature K 
CAPE J/Kg 
Showalter index °C 
Lifted index °C 
SWEAT index – 
K index °C 
Totals total index °C 
Bulk Richardson number Dimensionless 
Atmospheric pressure hPa 
Rainfall cm  
Wind speed Knots 
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