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This paper discusses the variation of dry bulb and dew point temperature (T and Td ) on the days with
and without thunderstorm (TSD and NTSD) over Bangalore during pre-monsoon season. The thermodynamic parameters like convective available potential energy (CAPE), convective inhibition energy
(CIN), precipitable water content (PWC) and dynamical parameter vertical wind shear diﬀerence (VWS)
are studied. The mean proﬁles of T, Td are generated using March–May upper air data of 1730 hrs IST
from 2000–2007 for Bangalore. These are also generated on the TSD and NTSD respectively. It is found
that the diﬀerence between mean proﬁle of T for TSD/NTSD and seasonal mean is negative/positive till
200 hPa. On the other hand, the diﬀerence of the seasonal mean of Td and that of Td on the TSD/NTSD
is found to be positive/negative till 300 hPa. These results are found to be signiﬁcant at 99% conﬁdence.
It is found that T is less than the mean at surface till 600 hPa on TSD, whereas it is 0.5◦ C above average
on the NTSD respectively. The diﬀerence between the Td on the TSD and mean Td is of the order of
3–5◦ C till 300 hPa. On the NTSD, this diﬀerence ranges between −1 and −2◦ C in the entire troposphere.
The mean values of CAPE, CIN, PWC and VWS for Bangalore in pre-monsoon season are found to
be 1324, 49.3 J/kg, 30 mm and −0.0007 s−1 , respectively. These parameters were used as predictors for
forecasting a thunderstorm. The critical success index and Heidke skill score were used for evaluating
the forecast skill of the above parameters for 2 years from 2008 to 2009. CAPE and PWC are able to
distinguish a TSD from that of a NTSD with 99% conﬁdence. It is found that these scores are 0.44 and
0.35 for CAPE and 0.49 and 0.53 for precipitable water content.

1. Introduction
Thunderstorms are mesoscale systems that are
known to have profound socio-economic impact.
These clouds are driven by buoyancy and vary
in terms of the degree of organisation. Sometimes
they are in the form of single or multicell clusters, or in the form of super cell or a squall line.
Each of the above type of thunderstorm is formed
under a set of unique environmental conditions
of instability and wind shear. The thunderstorm
cells often extend to a height of 10–12 km in the

vertical and result in heavy rainfall, lightening, hail
and squally winds and severe weather. They are a
hazard for aviation, agriculture and are known to
leave a trail of destruction behind. Dry thunderstorms are equally powerful and can lead to the
outbreak of wild ﬁres by generating heat from cloud
to ground lightening. The super cells and squall
lines are capable of causing far more destruction.
Occurrence of thunderstorms with varying
numbers and intensity is a characteristic feature over the entire Indian region annually. But
during the pre-monsoon season (March–May), the
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thunderstorms are maximum in terms of number
and severity over the north-east India, West Bengal region and adjoining Indo-Gangetic plains and
Bangladesh region. Super cells too are observed
sometimes in this region (Sinha and Pradhan 2006)
and hence thunderstorms are popularly called as
Nor’westers or KalBaishakhi. The severity of the
storms in these regions is due to the presence
of moist southerly winds from Bay of Bengal in
lower levels and westerlies/north-westerlies of continental origin in the upper levels which enhances
the instability (Srinivasan et al. 1973). The southwestern part of Indian peninsula is the second highest zone to experience thunder activity during this
season. Two important mountain ranges in southern India which are located very close to sea shores
are Western and Eastern Ghats. The rest of it is a
plateau land which slopes eastwards. The landmass
during this season gets heated and the synoptic
systems like north–south trough/wind discontinuity from central India to southern peninsula in
lower levels act to enhance the instability. The two
anticyclones over the Indian seas are the source
of moisture supply for southern peninsula. These
factors result in severe thunderstorms over this
region. The seasonal frequency of thunderstorms
over the peninsular India ranges from 20 to 40 during pre-monsoon (Tyagi 2007). Studies about thunderstorms are focussed around the climatological
aspects over the stations and regions (Brooks et al.
2003; Singh et al. 2011), favourable synoptic situations that lead to their formation (Yamane et al.
2012), changes in the atmospheric parameters during their life cycle (Tyagi et al. 2013), evaluation
of the stability indices along with their thresholds
(Yamane et al. 2010; Agnihotri 2014), study of their
structure using satellite, radar (Mukhopadhyay et al.
2009; Latha and Murthy 2011) and simulations
using sophisticated numerical models (Rajeevan et al.
2010; Fadnavis et al. 2014; Pennelly et al. 2014).
Various research projects have been taken up
time to time for studying one of the above aspects
of thunderstorms over the northeastern region
of India (Yamane and Hayashi 2006; Chakrabarti
et al. 2008; Dalal et al. 2012; Litta et al. 2012; Das
et al. 2014).
This study aims at ﬁnding out the diﬀerences
in basic atmospheric variables on the thunderstorm (TSD) and non-thunderstorm days (NTSD)
over Bangalore city, a station in interior southern
peninsular India (marked by a circle in ﬁgure 1).
This city is located in the southeastern part of
Deccan plateau and lies in the arid to semi-arid
region of peninsular India. It experiences severe
thunderstorms during pre-monsoon season which
are accompanied with occassional hails. The diﬀerence in thermodynamic and dynamic parameters
on the TSD and NTSD are also examined in order

to understand the role played by these parameters in thunderstorm generation over Bangalore. To
summarise, following are the goals of this study:
• How the vertical variation of the dry bulb (T)
and dew point (Td ) temperature is diﬀerent
on a day with thunder (TSD) from that of
non-thundery day (NTSD) over Bangalore and
whether this diﬀerence is signiﬁcant?
• What are the quantitative ranges of thermodynamic parameters like convective available
potential energy (CAPE), convective inhibition
energy (CIN) and precipitable water content
(PWC) for TSD and NTSD over Bangalore?
Whether this diﬀerence is signiﬁcant?
• What is the quantitative range of dynamical
parameter vertical wind shear (VWS) for TSD
and for NTSD over Bangalore? Whether this
diﬀerence is signiﬁcant?
• Whether these parameters can be used for forecasting?
2. Data and methodology
In an eﬀort to understand the diﬀerence in basic
atmospheric variables during pre-monsoon season,
the weather remarks of two stations namely, Bangalore city (43295, 12.98◦ N/77.58◦ E, 921 m amsl)
and Bangalore airport (43296, 12.51◦ N/78.31◦ E,
888 m amsl) are taken from the monthly meteorological registers (MMRs). These two observatories are class I observatories, about 14 km apart
and keep a check on weather 24×7 and the surface data is recorded every 3 hr. The data for a
period of 10 years from 2000 to 2009 is taken.
The average sounding at each level is arrived at by
taking the mean of T (Td ) for each level during
2000–2007 and is called as Tave (Tdave ). Similarly,
the average sounding on TSD (NTSD) is computed
by taking the average of T and Td on all such
days. A day is considered as a TSD if any of these
two stations report thunder. Further, if thunder is
reported between 0430 and 1629 hr IST (Indian
Standard Time) (1630 and 0429 hr IST of the next
day), then the upper air data at 0530 (1730) hr
IST is used for making composite proﬁles of T and
Td . The ±1 hr window from the actual time of
observation is taken so that data can be used for
operational forecasts.
During the years 2000–2007, there were a total of
736 days in pre-monsoon season and out of these,
on 45 (∼6%) and 155 (∼21%) days, thunderstorm
was reported between 0430–1629 and 1630–0429 hr
IST respectively. Most of the thunderstorms occur
in the afternoon or evening times over this station
(Agnihotri et al. 2013). The composites of T and
Td are made using 120 days of available data out
of a total of 155 TSDs.
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Figure 1. Location of Bangalore shown by ‘1’.

There are several parameters that are used to
evaluate the severe and convective weather potential of the atmosphere such as lifted index (LI),
K index, total total index (TTI), SWEAT (Severe
weather threat), Showalter’s and modiﬁed Showalter’s index (SHI and SHIm ), humidity index (HI),
CAPE, CIN, PWC, etc. The potential of ﬁrst few
namely, K, TTI, SLI (Showalter index), HI, DCI,
SHI and SHIm , BI (Boyden) and SWEAT in predicting the TS and NTS days over Bangalore was
taken up in an earlier study (Agnihotri 2014). It
was found that more than one index has to be used
for predicting a TSD from an NTSD. Also, when
these indices are used for prediction, it leads to low
values of skill scores showing that these have limited capability in predicting a TSD. This is because
they are unable to provide the complete characterisation of the atmosphere as they use either the
lower or middle level temperature, humidity and
wind values to represent the state of the atmosphere in the entire column which is not the case in
reality. But CAPE (Moncrieﬀ and Miller 1976), on
the other hand, has gained popularity because it
is a measure moist convective instability throughout the troposphere. It is the positive area on the
T-Φgram which is proportional to buoyant energy
that a parcel possesses. Similarly, CIN (negative
area) is the measure of the energy that is required
to lift the parcel from surface to level of free convection (LFC). The PWC is amount of moisture
present in an atmospheric column. These are better
representatives of the state of atmosphere as they
are vertically integrated quantities. These parameters were taken from University of Wyoming website (http://weather.uwyo.edu/upperair/sounding.
html) for the period under consideration. The
dynamical parameter VWS was calculated using
the procedure mentioned in Chaudhari et al.

(2010). All above-motioned parameters were
analysed for TSD and NTSD based on 1730 hr IST
ascents only. The above-mentioned parameters for
2008–2009 are used for testing the forecasts.
The soundings having CAPE equal to zero have
been neglected because this implies that PLFC has
not reached at all. The diurnal variation of thermodynamic parameters is discussed but the composites are only based on 1730 hr IST observations
only.
2.1 Statistical test
The Zxy test (Wilks 1995) is used for accepting or
rejecting the null hypothesis. This is used to ﬁnd
out if the diﬀerence between the means of two independent samples is signiﬁcant or not and is given
by the formula
(Mx − My )
 2 ,
Z= 2
s
sdx
+ ndyy
nx

(1)

where Mx , My , sdx and sdy are the mean and standard deviations of the meteorological parameter on
TSD and NTSD respectively. nx and ny are the
numbers of TSD and NTSD respectively. The value
of Zxy in the range of ±1.96 and ±2.58 are used
for the conﬁdence interval of 95% and 99%, respectively. In this study, Zxy was computed for T and
Td at the surface and at other levels in the vertical
with x and y as TSD and NTSD, respectively.
3. Results and discussions
3.1 Dry bulb (T) and dew point temperature (Td )
The diﬀerence of mean sounding on the TSD and
NTSD from the mean sounding of the entire period
(Tave ) is denoted by Tx – Tave and Ty – Tave and are
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with the TSD. The atmosphere cools in the entire
troposphere with signiﬁcant cooling in the lower
troposphere on the TSD (ﬁgure 2c). The temperature diﬀerence is negative (positive) throughout

plotted in ﬁgure 2(a). The proﬁles of Tx – Tave and
Ty – Tave show that positive anomaly of temperature is associated with NTSD throughout the troposphere, whereas negative anomaly is associated
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Figure 2. Plot of diﬀerence of mean (a) temperature on TSD (Tx ); NTSD (Ty ) and Tave , (b) dew point temperature on
TSD (Tdx ); NTSD (Tdy ) and Tdave during 2000–2007, (c) Z xy for T and Td .
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the troposphere on the TSD (NTSD) respectively.
At the surface maximum –ve and +ve departures
on TSD and NTSD are 2 and 0.5◦ C respectively.
The Zxy values for T at each level are shown in
ﬁgure 2(c). This shows that the diﬀerence in Tx
and Ty is statistically signiﬁcant at 99% conﬁdence
from the surface till 850 hPa.
The plot of diﬀerence of mean dew point temperature sounding on the TSD (Tdx ) and NTSD
(Tdy ) and mean soundings (Tdave ) are represented
by Tdx – Tdave and Tdy – Tdave and are plotted in
ﬁgure 2(b). The variation of Td for TSD is opposite to that of the variations in T throughout the
troposphere. Strong and +ve anomaly in Td is
present on the TSDs throughout the troposphere
favouring the occurrence of thunderstorms. Maximum anomaly in Td is present in the middle troposphere. The –ve anomaly is observed throughout
the troposphere on NSTD respectively. The Zxy
values at each level for Td are shown in ﬁgure 2(c).
The diﬀerence of Td on TSD and NTSD is statistically signiﬁcant up in the entire troposphere. The
presence of large amounts of water vapour in the
atmosphere makes the air more buoyant favouring
Table 1. Observed range of thermodynamic parameters at
1730 hr IST over Bangalore during 2000–2007.
Sl. no.

CAPE (J/kg)
1324
CIN (J/kg)
49.3
PWC (mm)
30
VWS (s−1 )
−0.0007

Std. dev.
1382
94.8
11.0
0.0053

Max

Min

8409.5
0.02
1220
0
60.7
1.4
0.035 −0.027

the air parcel to raise more as compared to when
the moisture is less.
3.2 Measures of instability
Table 1 summarises the mean, standard deviation
(std. dev.), maximum and minimum, for CAPE,
CIN, PWC and VWS observed at 1730 hr IST over
Bangalore during pre-monsoon season. The mean
CAPE, CIN, PWC at 1730 hr IST are observed to
be 1324, 49.3 J/kg and 30 mm respectively. The
mean VWS is −7.0 × 10−3 s−1 , while maximum
and minimum are found to be 35.1 and −27.8 ×
10−3 s−1 over this station.
3.2.1 Variation of CAPE
The box and whisker plots are drawn to show
the variability of a thermodynamic parameter on
a TSD and an NTSD. This plot divides the data
into equal parts so that one fourth of the data is
represented by each part. This is used for showing
the minimum, ﬁrst quartile (i.e., 25% of data has
values less than this value), median, third quartile
and the maximum values of a parameter. Figure 3
is the box and whisker of CAPE for the TSD and
NTSD, respectively. This ﬁgure shows signiﬁcant
separation of CAPE on TSD from that of NTSD.
The median CAPE shown by the horizontal line
is 1423.8 J/kg for TSD and 719 J/kg for NTSD
respectively. This suggests that higher (lower)
values of CAPE are associated with TSD (NTSD).
In other words, 50% of CAPE values are lying in

CAPE (J/kg) based on 1730 hour IST data of Bangalore
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Figure 3. Box and whisker of CAPE (J/kg) for the TSD and NTSD.
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the higher range on TSD. The maximum value of
CAPE on the TSD and NTSD was to be 5283 and
8410 J/kg. Despite a very high value of CAPE of
8410 J/kg on 1 April 2003, shown by the upper
whisker of NTSD, no convective activity occurred
which is suggestive of the inﬂuence of large scale
conditions in modulating the convective activity.
This indicates that tropical convection is not only
governed by the local features, but also inﬂuenced
by large scale features. The minimum value of
CAPE for a TSD over Bangalore is found to be as
low as 5 J/kg, shown by the lower whisker, which
was on 21 April 2004. Bhat (2002) has analysed the
soundings during monsoon season over North Bay
and found that CAPE builds up before convection,
decreases by 2000–3000 J/kg during the periods of
prolonged precipitation and then recovers again in
1–2 days time. On detailed analysis on the time
of occurrence of thunderstorms, it was found that
whenever a thunder event occurred before the time
of routine ascent, it lead to the reduction in CAPE
in the 1730 hr IST soundings. On 21 April 2004,
the thunder was reported during 1615–1630 hr IST
at Bangalore city and during 1630–1750 hr IST by
the Bangalore airport observatory leading to it’s
reduction at the time of observation. The CAPE
and CIN on this day at 0530 hr IST were 2198
and 33 J/kg and decreased to 5 (191) J/kg at 1730
hr IST suggesting that the atmosphere has already
consumed the instability. This decrease in CAPE is
attributed to cooling and drying of the atmosphere
due to rainfall. The minimum value of CAPE on
the NTSD, shown by the lower whisker, is 1 J/kg
on 7 April 2006 and is on expected lines indicating
that lower CAPE is not a favourable condition for
a storm to occur. The Zxy value for CAPE on the
TSD and NTSD was found to be 3.8 which is statistically signiﬁcant at 99% conﬁdence (table 2). This
parameter can be used for distinguishing between
the two categories.
3.2.2 Variation of CIN
The box and whisker plot of CIN is shown in
ﬁgure 4. The mean and sd of CIN is 46 and 66
J/kg on the TSD and are 50 and 103 J/kg on the
NTSDs, respectively. Also, the median values in
both the categories are nearly the same, i.e., 12.2
and 15.2 J/kg suggesting that this parameter is not
Table 2. Table for Zxy .
Sl. no.
1
2
3
4

Z xy
CAPE
CIN
PWC
VWS

3.9
−0.8
8.9
−4.2

Z 99

Z 95

±2.56
±2.56
±2.56
±2.56

±1.98
±1.98
±1.98
±1.98

a very robust parameter for distinguishing a TSD
from an NTSD. A high value of CIN (305 J/kg) was
observed on 1730 hr IST of 23 April 2000 which is
a TSD. The 0530 hr IST soundings indicated high
CAPE of 3843 J/kg and low CIN of 27 J/kg suggesting the occurrence of TS. The thunderstorm
events were reported from the city and airport
observatories during late afternoon just before the
routine 1730 hr IST RS/RW ascent. The CAPE
and CIN at 1730 hr IST were 362 and 305 J/kg,
respectively. High CIN (1220 J/kg) was observed
on a NTSD respectively, which is on the expected
lines that TSD are associated with low CIN and
NTSD with high CIN. Also, zero CIN is found on
TSD as well as NTSD. The presence of heat, low
on almost all the days in pre-monsoon season over
the southern Indian peninsula during this season
(Srinivasan et al. 1973) acts as one of the factors
that enhances instability and favours deep convection over this region. The Zxy is calculated to be
−0.47 which is not signiﬁcant at 95% conﬁdence
level.
3.2.3 Variation of PWC
The box and whisker plot of PWC is shown in ﬁgure 5.
This ﬁgure shows that median PWC are 39.9
and 26.9 mm for TSD and NTSD, respectively. It
also shows that PWC on the TSD are higher as
compared to that on NTSD respectively. This is
consistent with the results of Td that TSD has
higher water content as compared to the NTSD.
The Zxy for PWC was found to be 12.7 which is
statistically signiﬁcant at 99% conﬁdence level.
3.2.4 Variation of vertical wind shear
The VWS after buoyancy is the second most
important parameter for the organisation and
growth of a thunderstorm cell. The wind shear
essentially determines the movement and life span
besides pumping moisture into the storm. Weisman and Klemp (1982) have shown that the midlatitude storms that grow in an environment of
low VWS (<3×10−3 s−1 ) last for a short time,
while moderate to high VWS (3–5×10−3 s−1 , >5×
10−3 s−1 ) results in the formation of multicells and supercells. According to Rasmussen and
Wilhelmson (1983), the environments of low shear
and low CAPE are conducive for non-rotating thunderstorms, while strong shear (>3.5×10−3 s−1 ) and
high CAPE (>2500 J/kg) leads to tornadic storms.
The scatter plot of VWS on TSD and NTSD is
shown in ﬁgure 6(a) and box and whisker plot is
shown in ﬁgure 6(b). It is seen from ﬁgure 6(a) that
there is a large spread in the VWS on the TSD and
NTSD. Most frequently occurring value of VWS on
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Figure 4. Box and whisker of CIN (J/kg) for the TSD and NTSD.
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Figure 5. Box and whisker of PWC (mm) for the TSD and NTSD.

TSD and NTSD are found to be −5.8 and 4.3 ×
10−3 s−1 and the median values on these days were
found to be −1.0 and 0.06 × 10−3 s−1 respectively
(ﬁgure 6b). The Zxy in this case was −4.2 which is
statistically signiﬁcant at 99% conﬁdence level.

3.3 Forecast skill of CAPE and PWC
The forecast skill of the above parameters whose
means are statistically signiﬁcant are tested using

the data for 2 years from 2008 to 2009. During
the pre-monsoon season of these years, there was
23% of TSD and 77% of NTSD. The probability of
detection (POD), false alarm rate (FAR), critical
success index (CSI) and Hiedke skill score (HSS)
are used for testing the skill of the forecast (Wilks
1995). Contingency table was prepared by taking
the median values of CAPE and PWC as 1423 J/kg
and 39 mm as the thresholds. Table 3 summarises
the values of diﬀerent scores calculated using the
contingency table. During the pre-monsoon years
of 2008–2009, CAPE and PWC data were available
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Figure 6. (a) Scatter plot, (b) box and whisker plot of VWS (s−1 × 1000) for the TSD and NTSD.

Table 3. Veriﬁcation of prediction of thunderstorms at Bangalore using 1730 hr IST data.
Prediction
Index
1. CAPE ≥1423
POD = 0.49, FAR = 0.51,
CSI = 0.44, HSS = 0.35
2. PWC≥ 39
POD = 0.57, FAR = 0.43,
CSI = 0.49, HSS = 0.53

Observation

TSD

NTSD

TD
NTD

21
22

05
34 Total = 82 days, TSD = 26

TD
NTD

21
16

06
74 Total = 117 days, TSD = 27

for 82 and 117 number of days respectively. POD,
FAR, CSI and HSS are found to be 0.49, 0.51,
0.44 and 0.35 when CAPE is used as a predictor,
whereas these scores are found to be 0.57, 0.43,
0.49 and 0.53 when PWC is used as a predictor.
One of the diﬃculties in predicting the TSD using
the CAPE is that the thunderstorms often occur
between the times when the observations are not
available (Colby 1984).

4. Conclusions
The motivation for this study is to investigate
the diﬀerence of atmospheric parameters on the
TSD and NTSDs respectively. Also, whether the
sounding derived parameters like CAPE, CIN and
PWC can give guidance for thunderstorm occurrence over Bangalore is also investigated. The main
conclusions derived from this study are:
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• The atmosphere is cooled almost in the entire
troposphere on the TSD with signiﬁcant cooling in the lower troposphere. The maximum –ve
and +ve departures at the surface are close to 2
and 0.5◦ C on the TSD and NTSDs respectively.
Strong and +ve anomaly in Td is seen on the
TSDs, while –ve anomaly is observed for NSTD
over Bangalore during pre-monsoon. The test of
signiﬁcance shows that the diﬀerence of T and Td
on TSD and NTSD are statistically signiﬁcant at
99% conﬁdence level.
• The mean CAPE, CIN and PWC at 1730 hr IST
are found to be 1324, 49.3 J/kg and 30 mm,
respectively. The mean VWS is of the order of
−7 × 10−3 s−1 over Bangalore in pre-monsoon
season.
• Signiﬁcant separation of CAPE on TSD from
that of NTSD suggests that this parameter can
distinguish a TSD from that of a NTSD. The
median CAPE on TSD is found to be higher
(1423.8 J/kg) as compared to the NTSD median
(719 J/kg). Zxy for CAPE was found to be 3.8
which is statistically signiﬁcant at 99% conﬁdence.
• The median CIN for TSD and NTSD are found
to be nearly the same, i.e., 12.2 and 15.2 J/kg.
The Zxy for CIN is found to be −0.47 which is not
signiﬁcant at 95% conﬁdence level and hence this
parameter is not a very robust parameter for distinguishing a TSD from an NTSD over Bangalore
in pre-monsoon season.
• The median values of PWC and VWS are 39.9
and 26.9 mm and −1.0 and 0.06 × 10−3 s−1
for TSD and NTSD respectively. The Zxy for
PWC and VWS are found to be 12.7 and −4.2
which are statistically signiﬁcant at 99% conﬁdence level. Thus, these two parameters can also
be used for distinguishing a TSD from that of a
NTSD.
• The POD, FAR, CSI and HSS are found to be
0.49, 0.51, 0.44 and 0.35 when CAPE is used as
a predictor, whereas these scores are found to be
0.57, 0.43, 0.49 and 0.53, when PWC is used as
a predictor.
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