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Chapter

Wet and Dry Spells over Southeast 
Peninsular India
Mohana S. Thota

Abstract

The southeast peninsular India contains, to name a few, several important cities 
crucial for trade and economic growth of the country, rice bowls, institutes for 
science and technology, space port, etc. Despite its importance, not many reports 
exist on rainfall and its variation on different temporal scales over this region during 
southwest monsoon, partly because the rainfall in this region is relatively less and 
it forms only a minor part of all India rainfall. Here, an attempt has been made to 
understand differences in thermal and dynamical characteristics and energetics 
of the atmosphere between wet and dry spells of the Indian summer monsoon 
over the southeast India by utilizing various observations and reanalysis products. 
Observations demonstrate that the difference in the thermal structure between wet 
and dry spells is significant only in the lower troposphere (< 2-3 km) with mean 
CAPE values are reaching as much as 1000 Jkg-1during wet spell. Vertical buoyancy 
profiles indicate the bi-modal distribution during dry spells with peaks in 700 and 
500 hPa levels. The observed thermal features are not confined to Gadanki but seen 
over entire southeast peninsular India. Associated dynamical variations also exhibit 
obvious differences during wet and dry spell. The diurnal variation of winds exhib-
its difference in amplitude and phase are remarkably large during dry spell than in 
wet spell. Synthesis are all the measurements indicates that the thermal and dynami-
cal differences observed in wet and dry spells are pronounced in the boundary layer.

Keywords: wet and dry spells, Monsoon, CAPE, Southeast peninsular India

1. Introduction

The term “monsoon” is an Arabic word, which means seasonal reversal of wind 
direction. Prevailing wind direction between winter and summer seasons are the 
basis for delineation of the regional monsoon around the world. According to [1], 
the monsoonal region in the tropics extends between 25S–35N and 30 W–170E. This 
broad region comprises of three parts, the African monsoon and South and East 
Asian monsoon systems. From past several decades, these monsoon systems 
acquired fervent attention by scientific community and common people as well. 
These are globally distributed atmospheric phenomena giving surplus amount of 
water to mankind. It is estimated that the monsoon rains all over the world and 
provides ~60% of global water supply [2]. Among the monsoon systems over the 
globe, the Asian monsoon is the largest, and Asian regions are critically influenced 
by the evolution and inherent variability. It interacts with El Nino/Southern 
Oscillation and extratropical weather systems and thereby controls the global 
circulation through teleconnections. Further, monsoon variability is also influenced 
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by aerosols, tropical typhoon activity, etc. The Asian monsoon can be classified into 
two types: (1) South Asian monsoon or Indian monsoon, which affects the Indian 
subcontinent and surrounding regions and (2) East Asian monsoon which affects 
the countries like China, Korea, and Japan. In the present chapter, we primarily 
focus on the Indian monsoon especially over southeast India.

2. Indian monsoon: Southeast peninsular India

Indian subcontinent is situated at the vicinity of the monsoonal region defined 
by [1]. Copious amount of rainfall occurs over the Indian sector during June–
September, also known as summer (or southwest) monsoon season. It accounts for 
~75–80% of the annual rainfall over major parts of the Indian subcontinent. Agrarian 
countries like India heavily depend on this rainfall. Any deficit in the seasonal 
rainfall will have an adverse effect on the agriculture and economy of the country. 
The commencement of rainy season over Indian subcontinent is distinguished by the 
widespread rainfall over Kerala coast in late May/early June. In general monsoon sets 
over Kerala on June 1 with a standard deviation of 8 days [3]. Monsoon arrival to the 
central India takes 10–15 days after the onset and completely occupies the subcon-
tinent by mid-July [15]. The withdrawal of monsoon takes place in September from 
northwest India, and by October 20, retreat of the southwest monsoon completes, 
and another monsoon, called northeast monsoon, sets in over southeast India.

Mean seasonal summer monsoon rainfall is not homogeneous (see Figure 1); 
it varies spatially (within India) and temporally (within the season) over the 
Indian region. From Figure 1, a large spatial asymmetry in seasonal mean 
rainfall can be seen over the Indian subcontinent. The rainfall occurrence is 
high over the West coast and Northeastern India (approx. >16 cm), moderate to 
heavy over central India (8–15 cm), and low over northwestern and southeastern 
peninsular India (~4 cm). Southeast peninsular India receives considerable 
amount of rainfall during the northeast monsoon season, i.e., from October 

Figure 1. 
Spatial distribution of mean seasonal summer monsoon rainfall. The high-resolution 1 × 1 degree rainfall data 
generated by IMD are used for this plot.
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through December. After the onset of the southwest monsoon over Kerala coast, 
monsoon rainfall and the intertropical convergence zone (ITCZ) move north-
ward. However, the northward propagation or advance of the monsoon is not 
always smooth; rather it takes place in pulses or epochs, in association with the 
convective activity [4].

During the southwest monsoon season, the large-scale rainfall distribution 
is mostly concentrated over two regimes: North Bay of Bengal and south of the 
equator in Indian Ocean. Winds converge in these regions, and these regions 
become most favored zones for convection and the formation of the tropical 
convergence zone (TCZ). Mean position of the TCZ is not constant; instead 
it oscillates with different periodicities and scales. Oscillations of the TCZ are 
synchronized with enhanced and suppressed convective activity known as active 
and break phases of the monsoon. Thus, the monsoon is a manifestation of the 
seasonal migration of the ITCZ, and monsoon variability is associated with the 
space–time variation of the ITCZ [5]. As discussed earlier, the seasonal monsoon 
rainfall varies spatially and temporally, and the variation of rainfall depends 
mainly on the duration and the time of occurrence of active and break phases. 
Natural disasters caused by the extreme hydrometeorological events are manifes-
tation of intraseasonal variability (ISV) [6–8].

3. Intraseasonal variability

The day-to-day variability in the rainfall plays an important role in deciding the 
seasonal rainfall. Seasonal mean monsoon rainfall is affected by the occurrence and 
strength of the active and break spells [6]. It is well known from the earlier studies 
that the modes of 30–60 days and 10–20 days are most important in controlling the 
Indian summer monsoon rainfall (ISMR) [5, 9–13]. [14] studied the spatial vari-
ability of intraseasonal oscillations (ISOs) in deficit and excess monsoon years and 
demonstrated the dominance of 30–60 days over west coast and southeast region 
during the deficit monsoon year, while excess monsoon years are characterized by 
high-frequency synoptic (3–5 days) oscillations. Another important result obtained 
by them is the weakening of 30–60-day oscillation and strengthening of 10–20-day 
oscillation over central India and some parts of the west coast.

Active and break spells of Indian monsoon associated with intraseasonal oscil-
lations (ISOs) need to be understood properly as they control the seasonal rainfall. 
It is noted by several researchers that excess monsoon rainfall years generally have 
more active spells and deficit monsoon rainfall years will have prolonged and/
or more break spells (see [15–17]). A modest decrease in the monsoon rainfall 
(e.g., 10% of the long-term mean) significantly affects the food productivity (see 
[15, 18–21]). The knowledge of active and break spells on a regional scale is more 
crucial and important than all-India integrated active/break spells for agriculture 
and water management sectors. Therefore, the prediction of occurrence of active/
break spell and their duration is much more important for the management of 
sowing and harvesting than the seasonal mean rainfall. In the recent past, several 
research works have been carried out to understand and identify the active and 
break spells over the Indian subcontinent using various parameters (see [5, 17, 
22–28]. Since the definitions and techniques used by the aforementioned authors 
for the identification of active and break spells are different, the duration and 
occurrence of the spells in any monsoon season can be different [29]. For instance, 
[30] reported that there is hardly any overlap between the spells observed by them 
and those observed by [15]. Ramamurthy [23] identified breaks over monsoon 
zone using the rainfall data from 1888 to 1967 and inferred that according to his 
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criteria, there were no break days observed in 10 consecutive years. However, the 
study reported that the duration of break days varies from 3 to 15 days with 30% of 
the spells longer than or equal to 7 days.

4. Spatial variability of active and break spells

Earlier studies have shown that intraseasonal variations in rainfall are not 
coherent over the Indian region and the active/break spells of some subdivisions are 
in opposite phase with each other [16, 31, 32]. For instance, the spatial structures 
of the active/break spells are organized in such a way that southeast peninsular 
and northeastern parts of India exhibit an out-of-phase relation with the monsoon 
zone or central India. Also, rainfall increases near the foothills of the Himalayas, 
following the northward movement of monsoon trough, during break spells for the 
monsoon zone. Therefore, knowledge of active and break spells on a regional scale 
is important as different regions grow different crops and follow different practices.

In a study, [33] demonstrated that there exists large spatial variability in active 
and break spells using 58 years (1951–2007) of high-resolution (1° × 1°) rainfall data 
generated by the India Meteorological Department (IMD) [16]. They generated 
spatial maps for rainfall fraction (in terms of %) corresponding to break periods as 
defined by different criteria, discussed above [17, 25–27] (Figure 2). Figure 3 shows 
that large rainfall fraction of ~20–40% occurs over southeast India during all-India 
break. The clear discrepancy in the rainfall distribution between these regions indi-
cates the need for identifying active and break spells separately for the southeastern 
region of India.

Figure 2. 
Spatial distribution of rainfall fraction (%) in all-India break periods, as defined by (a) [25], (b) [27], (c) [17], 
and (d) [26]. Reproduced from Figure 1, [33].
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4.1 Identification of wet and dry spells

In the present chapter, the terms “wet” and “dry” spells are used instead of 
active and break spells, in order to avoid confusion with all-India active and break 
spells of the summer monsoon rainfall. The method of analysis for the identifica-
tion of wet and dry spells is discussed below. Wet and dry spells are identified using 
area-integrated surface rainfall measurements, following [16]. The area over which 
the surface rainfall is integrated (9.5°–15.5° N and 77.5°–81.5° E) is selected based 
on the correlation analysis. This is obtained by considering the correlation between 
time series of rainfall at each grid point and areal averaged rainfall. Only those grids 
with correlation coefficient >0.5 are considered. Following the procedure described 
in the above section, a total of 943 from 72 dry spells and 391 from 54 wet spells are 
identified from the 15 years (1995–2009). The spells are ranging from 5 to 50 days 
during dry and from 3 to 31 days during wet. Average time span during wet spell is 
~7, whereas the span is ~13 days during the dry spell. Among dry (wet) spells, ~34 
(48) % of spells have time span longer than the average length of dry (wet) spell.

It is general belief that the rainfall in the rain-shadow region of southeastern 
peninsular India occurs in isolated convective storms or along the coast mainly due 
to sea-breeze intrusions. To examine how much rainfall is due to large-scale systems 
(in wet spell) and how much is due to isolated storms (in dry spell), the rain amount 
contribution by each spell to the seasonal rainfall is estimated (Figure 3).

As mentioned above, the wet and dry spells are in opposite phase in the mon-
soon zone and southeast peninsular India, i.e., during wet spell, southeastern 
peninsular India gets good amount of rainfall; nevertheless the monsoon zone 
seldom gets rainfall and vice versa. Though the wet spell persists only 22% of time 
in the southwest monsoon, 50–60% of the seasonal rainfall occurs in that spell. On 
the other hand, only 5–20% of seasonal rainfall occurs in the dry spell. One can see 
clearly that good amount of rainfall (Figure 3b) occurs along the west coast in dry 
spell and almost no rain in the eastern side of the Western Ghats in the southern 
peninsula (south of 15° N) in wet spell.

5. Salient features of wet and dry spells

To know the basic differences between these wet and dry spells, it is necessary 
to understand the thermal and dynamical characteristics associated with these 
spells. To better understand these processes, observational data collected with 

Figure 3. 
Rainfall percentage contribution during (a) dry and (b) wet spells of the southwest monsoon from 1951 to 2015 
using IMD 1 × 1 deg. gridded data.
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a suite of unique instruments at the National Atmospheric Research Laboratory 
(NARL), Gadanki (13.45 N, 79.2E), located over Southeast India is utilized. It 
is a semiarid region located in a complex hilly terrain at 375 m above mean sea 
level (MSL).

In the following subsections, a brief description of the basic characteristics of 
wet and dry spells is given. For those who are interested can find enough evidence 
and description in the research papers referenced therein.

5.1 Thermal characteristics

A comprehensive analysis is performed onto the radiosonde data launched from 
Gadanki twice daily during synoptic hours (00 GMT and 12 GMT) along with 
surface automatic weather station (AWS) data which has revealed several interest-
ing facts during these spells. Majority of the soundings (~96%) reached above 
tropopause level and encouraged us to study the vertical variations of temperature 
(T) and moisture (q).

Figure 4 shows the variations of surface T and q between wet and dry spells 
are in the form of histograms (in terms of % occurrence). It is apparent from the 
figure that the wet spells are relatively moist and cooler than dry spells. Although 
the surface T and q distribution in these spells show some overlapping, the mean 
(mode) values differ by 1.6 K (~2 K) in T and ~2 g kg−1 in q. Note that the variations 
in T and q are not biased by the seasonal variations in T and q over the study region; 
rather, their difference in spells are mainly caused by the active/subdued convection 
in the monsoon season.

Next, to understand how convection in wet spells changes the vertical struc-
ture of thermodynamic variables through complex feedbacks (latent heating, 
etc.), the difference between wet and dry spells of composites of T (T = Td - Tw), 
q (q = qd - qw), and equivalent potential temperature, θe (∆θe = θed - θew), is 
given in Figure 5. Suffixes “d” and “w” denote dry and wet spells, respectively.

Maximum temperature differences are seen in the lower and upper tropo-
sphere and are of the order of 1–2 K. The lower troposphere (below ~2 km) and 
upper troposphere (11–16 km) are warmer in dry spell than in wet spell. Between 

Figure 4. 
Frequency distributions (in terms of % occurrence) for the surface (a) temperature and (b) humidity during 
wet and dry spells. The means of the distribution are also shown in the figure (source from [47]).
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2 and 11 km, the temperature difference between spells is small (the temperature 
is higher in wet spell than in dry spell in two height regions, 2–5 and 9–10.7 km). 
The present observations do not show a clear heating in the middle troposphere 
during the wet spell, in contrast with the earlier studies during the wet spell of 
the Australian and Indian monsoon systems (over oceans) [34–36]. Similarly, the 
difference in q composites between wet and dry spells is relatively large below 
7 km (>0.5 g kg−1), except in the height region from 2 to 4 km, and small q in 
this height region is perhaps due to the enhanced detrainment and humidity in 
dry spell.

Except for this narrow layer, the results are consistent with those obtained in 
Australia and India, where a moist environment was observed over greater depths 
during the active phase of monsoon [34–36]. Yet, the role of advection in drying 
the troposphere during dry spells is not clear. Evaporation of surface moisture can 
explain the observed humidity differences between spells. Though there are no large 
local water bodies nearby, evaporation of surface moisture (in general is more during 
wet spell because of more rain) can enhance humidity in the lower troposphere, as 
observed in the figure, during wet spell. The other possible candidate for the dryness 
of the atmosphere during dry spells is large-scale subsidence from higher altitudes.

Next, several potential instability indices (stability index, CAPE, etc.) have 
been developed to measure the susceptibility of a given temperature and moisture 
profile to the occurrence of deep convection. Perhaps the most popular and widely 
used parcel instability parameter is CAPE. The variabilities of the different parcel 
instability parameters (CAPE, CINE, and stable layers) from wet to dry spells 
are primarily discussed. Figure 6a–d shows the frequency distributions of lifting 
condensation level (LCL), equilibrium level (EL), CAPE, and CIN during wet 
and dry spells. Quantitatively, about 71% (only 25%) of the LCL population is 
larger than 800 hPa during wet (dry) spell. The mean values of LCL for wet and 
dry spells are, respectively, 827 and 772 hPa. In contrast, EL distributions during 
wet and dry spells exhibit an opposite trend with cloud systems reaching higher 
altitudes in wet spells. Among the parcels which reached the EL, about 42 (11) % 

Figure 5. 
Vertical profiles of (a) mean temperature, humidity and (b) equivalent potential temperature differences 
between wet and dry spells (T = Td -Tw, q = qd -qw, and ∆θe = θed - θew). Suffixes ‘d’ and ‘w’ denote dry and wet 
spells, respectively (reproduced from [47]).
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of the EL population during wet (dry) spells shows values smaller than 200 hPa 
with mean altitudes of EL for wet (dry) spells being 227 (314) hPa. Distributions 
of LCL and EL altitudes indicate that clouds are deeper in wet spell than in dry 
spell. CAPE distribution and mean CAPE values are different in different spells 
with large values of CAPE which are seen more frequently in wet spell (Figure 6). 
For example, ~32 (6) % of the CAPE population in wet (dry) spells shows values 
larger than 2000 J kg−1. Mean CAPE value for wet spells (1627 ± 1411 J kg−1) is 
larger than for dry spells (608 ± 823 J kg−1), and interestingly standard deviation 
of CAPE is also large in both spells. Note that the CAPE is estimated from the 
sounding data available at a fixed time, i.e., ~17:00 LT. Some of the soundings, 
therefore, represent conditions before active convection and some after convection 
and others at the time of convection. This perhaps is the main reason why we see 
significant variation in CAPE values within the spell. The distributions for CINE 
look similar in both spells (Figure 6d) with mean CINE nearly equal (53.3 ± 41.2 
and 44 ± 41 J kg−1 for wet and dry spells, respectively). Like in the case of CAPE, 
in both spells, the variability within the spell is comparable to the mean value of 
CINE for that spell. The range of CINE observed at Gadanki is comparable to that 
observed over other tropical continental stations (Singapore 1.3 N, 103.8E, [37]) 
but smaller than that observed over oceans [38]. Although the mean values of 
CINE are small, they can be considerable on individual days. Note that the present 
observations were taken during the dusk hours, and therefore the second possibil-
ity can be ruled out. If we do not consider any forced lifting, an updraft of ~9 m s−1 
is required to overcome CINE of ~40 J kg−1. Existence of such strong vertical 
velocities in non-convective periods is rare. Therefore, in both spells, some external 
forcing is required to overcome this inhibition energy and to trigger convection.

Contrasting with other studies, CAPE values estimated over tropical oceans 
(Bay of Bengal and western Pacific) are in contrast to the present observations, 
with large values in break phase (before convection) and small in active phase [34, 
38–40]. The regions influenced by maritime and continental flows also show similar 
features with larger values of CAPE in mesoscale convective systems associated 
with the break phase than those with active phase, for example, over Darwin in 
northern Australia [41] and over Brazil [42]. The main physical reason for the lower 

Figure 6. 
Frequency distributions (in terms of % occurrence) for (a) LCL, (b) EL, (c) CAPE, and (d) CINE. The 
means of the distribution are also shown in the figure (source [47]).
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values of CAPE in active spells is associated with the decrease of equivalent poten-
tial temperature (θe) due to the overturning of the atmosphere during convection 
[34]. This could be, during wet spell, convective downdrafts induced by precipita-
tion loading, melting, and evaporation bring the relatively dry mid-tropospheric air 
into the boundary layer and reduces θe near the surface. In addition, the latent heat 
release in deep clouds warms the middle and upper troposphere and reduces the 
instability of the atmosphere. All these factors reduce the CAPE during active phase 
of the monsoon or during the convectively active period. However, at Gadanki, 
variation in thermodynamical parameters from wet to dry spells is greater near 
the surface and in the boundary layer. Above the boundary layer and in the middle 
troposphere (~2.5–11.5 km), the temperature difference between the composites for 
wet and dry spells is within 0.5 K. Also, in contrast to the expected, larger θe values 
are observed during wet spell in the lower troposphere [43].

Next, to examine the impact of stable layers in governing the convection growth, 
Figure 7 shows the vertical distribution of stable layers in terms of lapse rates (top 
panel) and percentage occurrence (bottom panel). Following [47], the vertical 
distribution of % occurrence of temperature lapse rates exceeding certain thresholds 
(3, 4, and 5 K km−1, all are smaller than the moist atmospheric lapse rate in the 
troposphere, ~6 K km−1) during dry and wet spells are shown in Figure 7a and b. 
Following the procedure described by [47], the % occurrence of stable layers at each 
altitude is estimated from the ratio between the number of occurrences when the 
lapse rate exceeds a threshold and the total number of lapse rate data points at that 
altitude (see [47] for more details). From the analysis it was observed that statically 
stable layers are predominantly seen in the lower and middle troposphere (below 
8 km). The % occurrence distribution for 5 K km−1 temperature lapse rate shows a 

Figure 7. 
Vertical distribution of % occurrence of stable layers defined by different temperature lapse rates during (a) dry 
and (b) wet spells. (c) Frequency distribution of temperature lapse rates during wet and dry spells in two height 
regions (2–3.5 and 4.5–6 km). D and W denote dry and wet spells, respectively (figure from [47]).
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broad distribution between 2 and 7 km with two small peaks centered on 2–3 km 
and 5 km, while the distributions for other two temperature gradients show a single 
peak centered around 4.5 km in dry spell and slightly at a lower altitude in wet spell. 
Nevertheless, the magnitude of % occurrence is different in both spells. The peak in 
the height region of 2–3 km corresponds very well with the altitude of the bound-
ary layer height and the second peak with the 0°C isotherm level. Figure 7b shows 
the cumulative distribution of the magnitude of stable layers in the height region of 
2–3.5 and 4.5–6 km (the height regions in which the % occurrence of stable layers is 
relatively more) during dry and wet spells. Interestingly, both height regions exhibit 
strongest stable layers which exist in dry spell. Contrasting the lapse rate distributions 
in these two height regions indicates that gradients near the freezing level are stron-
ger than their counterparts at low levels. This is true in both spells of the monsoon.

From Figure 7, strong inversion layers exist below 6 km height region during 
dry spell. These stable layers prohibit the growth of convection and modify the 
distribution of moisture. In other words, the stable layers will enhance the detrain-
ment and thereby moisture near that level; Ref. [33] also supports this view based 
on draft core statistics. They observed that the shallow cores are more prevalent in 
dry spell with the maximum percentage occurrence of core tops in the height region 
of 3–5 km.

5.2 Energetics

In the earlier section, thermal characteristics of wet and dry spells are discussed 
at a tropical station, situated over southeastern peninsular India. Now, a logical 
question is raised, whether the observed feature of wet and dry spells is only con-
fined to a station or extended throughout southeastern peninsular India. This issue 
is discussed in the following section.

For the estimation of CAPE and related thermal parameters, along with the 
observations, three global reanalysis products are utilized (ERA-interim; MERRA; 
and NCEP). For more details and  description of the data sets (see [44–46]). 
Though all the gridded data sets were available at 00, 06, 12, and 18 UT, data at 
12 UT were only employed, as it coincides with the balloon launch time over the 
stations.

Since variations in CAPE largely depend on parcel level of origin and its tem-
perature and moisture content as discussed in above section, here, the exercise 
is repeated to compare with reanalysis products. Figure 8 shows the composite 
percentage occurrence of moisture (q) and temperature (T) during wet and dry 
spells. Wet spells (dashed curves) are relatively moist and cooler than dry spells over 
Gadanki region, corroborating with [47]. Although the distribution of surface T and 
q in these spells exhibit reasonably good agreement among the reanalysis products, 
mean magnitudes differed by 2–3 K in T and ~2 g kg−1 in q. Further, a considerable 
difference between the percentage occurrence of sonde and reanalysis data products 
is noteworthy. From Figure 8, it is observed that surface parcels are more moist and 
cooler in the reanalysis products than observations, indicating the surface instabil-
ity in reanalysis are larger than sonde observations. These large differences in the 
surface parcel thermal properties thus result in large differences in CAPE.

Next, atmospheric stability during wet and dry spells by means of q and T pro-
files over Gadanki is discussed. Vertical profile of q′ over Gadanki from GPS radio-
sonde observations and reanalysis data are shown in Figure 9a and b. As expected, 
it is observed that wet spell q′ composites are moist, with magnitudes reaching 1.5 g/
kg, compared to dry spell. During dry spell, dryness in the atmosphere, as evidenced 
by negative q′, is extending throughout the tropospheric column below 100 hPa. 
However, more prominent drying is seen at two levels, one below 800 hPa level and 
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the other at upper tropospheric levels around 400–500 hPa. Although reanalysis 
data exhibit a good agreement with the observations, magnitudes of q anomalies 
slightly vary. For instance, upper tropospheric drying and moistening are not clearly 
visible in composite profiles of NCEP in both dry and wet spells. From Figure 9, it is 
inferred that changes in the T′ are much smaller especially around mid-troposphere 
levels, with the magnitudes ranging from ±0.5 K in both the spells. However, large 
changes are seen only at boundary layer heights (below 800 hPa) spell composites 
(see Figure 9c, d). Vertical distribution of anomalous T depicts warmer (cooler) 
environment at lower (upper) levels over the study region, which represents the 
destabilization of the tropospheric lapse rate. In contrast, wet spell composite profile 
of T′ exhibits cooling in the lower levels and slight warming (< 0.5 K) in the upper 
troposphere. This upper level warming and lower level cooling in T′ are not confined 
to single station but rather observed all over SE peninsular India. Although the 
vertical profile patterns of T′ are consistent with the observations, magnitudes differ 
at certain pressure levels especially around boundary layer heights. For instance, 
boundary layer warming and cooling are stronger in ERA (black curve) than NCEP 
(red curve). The differences in the magnitudes of T and q will have a profound effect 
on the buoyancy of the parcels and CAPE, which will be discussed next.

Figure 10 depicts the percentage occurrence of CAPE, during dry and wet spells 
computed from observations and reanalysis products. An obvious over estimation of 
CAPE by reanalysis data compared to observations in both spells is noticed, and the 

Figure 8. 
Histogram of parcel moisture (a) and temperature (b) from GPS sonde observations and reanalysis products 
during dry (solid line) and wet (dashed line). Different colors in the legend represent the different products 
(source: [48]).
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values are more in MERRA and NCEP in dry spell and only in MERRA during wet 
spell, respectively. Although reanalysis products overestimate CAPE magnitude, they 
reproduce the differences in CAPE between spells reasonably well. Thus, it is clear 
from Figure 10 that mean (or mode) of CAPE distribution is larger in wet spell than 
in dry spell. All reanalysis exhibits this feature, albeit with different magnitudes. For 
instance, difference between CAPE in wet and dry spells is nearly equal (~ 800 J kg−1) 
when estimated with GPS and ERA-interim data. In contrast, NCEP- and MERRA-
estimated mean CAPE values show smaller difference between spells (~250 J kg−1 

Figure 10. 
Histograms of CAPE (at Gadanki) in (a) dry and (b) wet spells, respectively, as estimated by GPS sonde 
measurements and reanalysis outputs, illustrating the differences in CAPE between the spells (source [48]).

Figure 9. 
Vertical profiles of anomalous moisture (a, b) and temperature (c, d) during dry and wet spells over Gadanki, 
from the sonde observations and reanalysis products (source [48]).
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for NCEP and ~150 J kg−1 for MERRA). It is obvious from the above discussion that 
reanalysis products underestimate the CAPE variation within the spells when com-
pared with sonde observations. Earlier, [34] have shown that while CAPE is strongly 
controlled by the properties of the boundary layer air, large positive buoyancy and 
realization of CAPE, however, occur above 600 hPa. Later, [47] also observed this 
feature over Gadanki using GPS radiosonde observations. Now, to examine how far 
reanalysis mimics this feature, parcel positive buoyancy area is divided into three lay-
ers (L1, 700–500 hPa; L2, 500–300 hPa; and L3, 300–200 hPa) to understand which 
positively buoyant layer is contributing more toward total CAPE in the spells. First, 
buoyancy for each layer is estimated from each sounding, and the contribution of 
each layer to total CAPE is estimated. These data are then grouped based on wet and 
dry spells, and the % occurrence for the layer contribution to total CAPE is estimated 
for each layer separately.

Figure 11 shows some intriguing similarities and differences in CAPE between 
spells, between layers, and between reanalysis and observations. In general, both 
reanalysis and observations show similar distribution of CAPE contributions by 
different positively buoyant layers. Among these layers, contribution of L2 to CAPE 
is more (~ 50%) in majority of the cases in both spells. From Figure 11, contribu-
tion of L1 to total CAPE is about ~38% (20–30%), and the remaining is by L3 in the 
wet (dry) spell. Also, the distribution in L1 during dry spell is relatively broader 
than in wet spell. Note that, for a few cases, the contribution of L1 (and to some 
extent L2) to CAPE is found to be as high as 100% in dry spell (Figure 11a), which 
indicates the vertical extent of clouds is limited in dry spell. This is consistent with 
report by [33] over Gadanki. All the reanalysis products reproduced above features; 
nevertheless, contributions of different positively buoyant layers to total CAPE are 
different. For example, the contribution of L3 to CAPE is relatively small in MERRA 
in wet spell. Although there are slight variations that exist in representation of 

Figure 11. 
Contribution of CAPE in different layers (L1: 700–500 hPa, L2: 500–300 hPa, L3: 300–200 hPa) to total CAPE 
in dry ((a), (c) and (e))wet ((b), (d) and (f))  spells at Gadanki. GPS sonde measurements and NCEP, 
ERA-interim, and MERRA reanalysis outputs are used in this analysis (source from [48]).
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CAPE during the spells, it is clear from the analysis that ERA data reproduce similar 
CAPE variation between spells as obtained by radiosonde measurements.

Spatial variability of anomalous CAPE during wet and dry spells over SE penin-
sular India from the reanalysis products is shown in Figure 12. Note that, here, main 
focus is to find out the difference in dry (Figure 12 (a)-(c)) and wet (Figure 12 
(d)-(f )) spells over SE peninsular India, and therefore, the analysis is restricted 
only to that region. It is clear from Figure 12 that during wet spell, CAPE is larger in 
all the products [47]. These large CAPE values are not confined to single station but 
rather observed all over southeastern peninsular India. In contrast, negative CAPE 
values are seen during dry spell in all the reanalysis products. These −ve CAPE mag-
nitudes, during dry spell, reconfirms that the thermal stability of the atmosphere 
during dry spell is significantly less for convection to trigger. Though there are simi-
larities that exist among the reanalysis products, slight differences in magnitudes 
are noted especially during dry spell. For example, magnitudes of anomalous CAPE 
in MERRA are much less (~40 J kg−1) than ERA (~200 J kg−1). These differences 
are perhaps due to various convective parameterizations employed in the reanalysis 
products and also the vertical resolutions of the data products used.

Further, it is also noted from the buoyancy profiles during the spells that 
majority of positive buoyancy profiles show two peaks during dry spell and single 
upper tropospheric peak in wet spells at most of the grid points over southeast 
peninsular India (see Table 5 in [48]). Overall, majority of the buoyancy profiles, 
i.e., ~64%, exhibit bimodal distribution in dry spell, while single-peak buoyancy 
profiles are more prominent in wet spell (~56%), indicating the difference in the 
vertical distribution of parcel thermal buoyancy is not confined to single station 
but is a characteristic feature over the entire SE India. The analysis showed that, in 
this region, CAPE is higher in wet spell than in dry spell by ~1000 J kg−1. Now it is 
imperative to understand the observed differences in CAPE between spells. In order 
to answer this, several plausible mechanisms are examined to explain the observed 

Figure 12. 
Spatial distribution of anomalous CAPE in dry ((a)-(c)) dry and  wet (d)-(f) spells, from three reanalysis 
products, over the southeast peninsular India (reproduced from the [48]).
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CAPE differences between spells, i.e., time of sounding with respect to the rain 
occurrence, rapid rebuild-up of the instability, moistening of the atmosphere due 
to the evaporation of surface moisture in wet spell, enhanced low-level moisture 
convergence, enhanced downdrafts engendered by evaporative cooling, and drop 
dragging in dry spell. The weak CAPE in dry spell may not be sufficient to over-
shoot the frequent stable layers occurring in this spell. All these above mechanisms 
seem to be occurring in dry spell limiting the convection growth and CAPE [48].

5.3 Dynamical characteristics

In the previous sections characteristics of wet and dry spells are studied with 
respect to the thermodynamical point of view. The analysis reveals significant 
variability in surface moisture and temperature, vertical structure, and also CAPE 
between spells, which clearly indicates the thermal structure, available energy, and 
their forcing are different in spells over SE peninsular India. Therefore, one would 
expect differences in circulation features during wet and dry spells. Thus, in the 
present section differences in mean wind, vertical structure and diurnal variation 
with a special emphasis on monsoon quasi permanent systems (likes of LLJ and 
TEJ) over south eastern peninsular India are studied.

Majority of the data were obtained by collocated instruments available at 
Gadanki. Surface winds during the spells are measured from automatic weather 
station (AWS) along with Doppler sound detection and ranging (SODAR) wind 
components in the height region from 60 m to 1 km. Zonal and meridional winds 
above 1 km to upper troposphere (~18 km) are derived from low atmospheric 
wind profiler (LAWP) and Indian mesosphere-stratosphere and troposphere radar 
(IMSTR). Note that, although the instruments were not operated simultaneously as 
they were deployed in different years, it is believed that the mean winds represent 
the overall vertical structure and variability.

Figure 13 shows mean vertical profiles of mean wind and deviation during 
dry and wet spells of the monsoon over Gadanki. Since measurements utilized to 
generate this vertical wind structure by IMSTR, LAWP, SODAR, and AWS were not 
simultaneous, composite vertical profiles were not constructed. Rather, Figure 13 
shows average wind variation between spells in different altitude ranges (sur-
face, obtained from AWS; 60 m to 1 km, obtained from SODAR; 600 m to 4 km, 
obtained from LAWP; and 3.6 to 19 km, obtained from IMSTR) [52].

Mean surface winds from AWS measurements (Figure 13c) during wet spells 
are relatively weaker than in dry spell, but the differences in zonal and meridional 
winds between the spells are not significant. However, the wind direction remained 
southwesterly in both spells. SODAR winds in the height region of 60 m–1 km 
remain northwesterly to westerly but exhibit large vertical variation in magnitude, 
particularly the zonal component. Zonal wind component attains their peak 
strength in the height region 200–500 m during both the spells, and in particular 
the intensity of zonal winds is stronger during dry spells (~4 ms−1) than wet spell 
(<2 ms−1), and further, the maximum difference between the spells is found in 
the height region of nocturnal low-level jet (NLLJ). In contrast, meridional winds 
are weak in amplitude (~1 ms−1) during both the spells and do not show any sig-
nificant differences between the spells. In the height regions from 600 m to 4 km, 
LAWP-derived winds continued to be westerly to northwesterly in both spells. The 
presence of LLJ is clearly seen in the zonal wind component, and interestingly, the 
height of LLJ peak varies during both spells (e.g., at 2.25 and 1.35 km in dry and 
wet spells, respectively). In addition, magnitude of the LLJ is also different with 
enhanced LLJ in the dry spell (16.8 ms−1) than in wet spell (9.8 ms−1). Interestingly, 
the difference in zonal wind between the spells is more pronounced above 1.5 km. 
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In contrary, the magnitude of meridional winds is relatively small and does not 
show significant variation between spells. IMSTR winds reveal that the vertical 
structure of wind in the height region of 3.6–19 km is different in both spells. 
There is a significant difference in vertical structure of winds from IMSTR, in the 
height region from 3.6 to 19 km, in both wet and dry spells (Figure 13a). These 
differences are pronounced in the lower and middle troposphere (below 8 km). 
The zonal wind profiles show typical summer monsoon circulation with low-level 
westerlies and strong upper tropospheric easterlies. Wind reversal height (i.e., from 
westerly to easterly), however, is different during both monsoon spells. The depth 
of westerlies is relatively shallow (deep) during the wet (dry) spell with zonal wind 
reversal occurring below 6 (8) km and then turns to easterly. On the other hand, 
the TEJ strength is found to be nearly the same in both spells with an average value 
of ~30 ms−1. The height of the TEJ maximum is also found to be nearly the same 
during both spells (~16 km).

This section discusses the differences in the spatial variability of the jet streams 
between the spells. Composites of LLJ and TEJ for wet and dry spells and the wind 
anomaly (mean wind for dry spell-mean wind for wet spell) are estimated. Note 
that the main idea is to study the spatial variability of LLJ and TEJ when the mon-
soon convection is weak or active over southeast India. It allows us to examine the 
spatial extent of observed wind differences at Gadanki.

Figure 14 exhibits the spatial variation of mean zonal wind pattern for dry 
(Figure 14a) and wet (Figure 14b) spells and their difference (Figure 14c) on 

Figure 13. 
Vertical profiles of (left column) zonal and (right column) meridional winds for wet and dry spells obtained from 
different instruments ((a) MST radar (1995–2013), (b) LAWP (1999–2000 and 2010–2011), and (c) SODAR 
(2007–2009) and AWS (2006–2013)). The average wind shown at 0 km (or surface) in Figure 13c is obtained 
from AWS. Vertical profiles shown in Figure 13a–c are daily averages. The standard deviation is represented with 
error bars. Years in the brackets indicate data averaging periods (source from [52]).
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850 hPa level. Spatial distribution of the standard deviation of means for dry 
and wet spells is shown in Figure 14d and e, respectively. One commonality is 
the presence of LLJ in both the spells albeit with different magnitude and spatial 
distribution. During the dry spell (Figure 14a), the core of the LLJ splits over 
the Arabian Sea with one branch (say first branch) passing over the southern 
peninsular India centered around 16°N and the other toward southeast and veers 
cyclonically (second branch) before merging with the first branch in the Bay of 
Bengal (near the coast of Malay peninsula). On the other hand, only one branch 
(second branch) is present during the wet spell (Figure 14b). This splitting of 
LLJ in the Arabian Sea can be attributed to barotropic instability [49]. In this 
study, the splitting of LLJ is clearly evident during the dry spell (analogous to 
all-India active spell) [50, 51]. The presence of southward branch of LLJ during 
the break spell as reported by [48] is also seen here. In fact, this second branch 
is present in both spells with similar magnitude, as seen by the small wind 
anomaly present in that region (Figure 14c). Figure 14c clearly shows that large 
differences exist between the spells in LLJ magnitude and its spatial variation. 
A band of large positive wind anomaly passes over the Arabian Sea, Peninsular 
India, Bay of Bengal, and Malaysia with a maximum (~6 ms−1) over the Southern 
Peninsular region. This large wind anomaly is significant and is occurring mainly 
due to the absence of first branch of LLJ during the wet spell. A negative anomaly 
in zonal wind is also observed in two regions, just south of the equator and 
near foot hills of the Himalayas. In general, the low-level westerly winds turn 
cyclonically in the North Bay of Bengal and become easterlies. These easterlies 
are clearly seen during the dry spell (or all-India active spell) (Figure 14a). As 
the monsoon trough moves northward to foot hills of the Himalayas during wet 
spell (or all-India break spell), the magnitude of easterlies became very weak 
(Figure 14b). In fact, the easterlies are completely absent over the Indian land-
mass during the wet spell.

Spatial variation of mean zonal wind and standard deviation during wet and 
dry spells along with zonal wind difference between the spells at 100 hPa level 
is described in Figure 15. The easterly winds are strong in both spells and seen 

Figure 14. 
Mean zonal wind on 850 hPa level from MERRA data for (a) dry and (b) wet spells, during 1995–2013, 
showing the spatial variation of LLJ. The black dashed line in Figure 4a and b represents 10 ms−1 contour. (c) 
the difference in LLJ between spells (dry-wet). The dot denotes the location of Gadanki. (d and e) the spatial 
distribution of standard deviation of mean values for dry and wet spells, respectively (source from [52]).
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prominently between 10°N and 20°N with winds as large as 30 ms−1 corroborating 
the radar observations made at Gadanki (Figure 13a). However, longitudinal extent 
of TEJ during dry spell is found to be more than in wet spell. It can be evidenced 
by 28 ms−1 (thick black solid line) and 26 ms−1 contour (thin black solid line) of 
TEJ. For instance, the 26 ms−1 contour is seen between the longitudes 40°E and 
100°E during the dry spell, while it is only confined between 45 E and 95°E dur-
ing the wet spell. Earlier, [49] observed a significant ISV in TEJ axis on 200 hPa 
level. They observed the axis of the TEJ along 15°N during the break spell, while a 
southward shift in the TEJ axis is observed during the active spell at 70°E. Such a 
north–south shift in TEJ axis is not observed in either of the spells here. The axis is 
found to be aligned along ~15°N latitude during both the spells.

6. Summary, conclusion, and discussion

Synthesis of spatial and vertical structures and regional characteristics of wet 
and dry spells over southeast peninsular India is presented in this chapter. In spite 
of its importance, not many reports exist on rainfall and its variation on different 
temporal scales over this region during southwest monsoon, partly because the 
rainfall in this region is relatively less, and it forms only a minor part of all-India 
rainfall (see Figure 3a). With the goal in mind, an attempt has been made to 
understand differences in thermal and dynamical characteristics and energetics of 
the atmosphere between wet and dry spells of the Indian summer monsoon over the 
southeast India. To better understand the aforementioned processes, data collected 
with a suite of unique instruments at NARL, model reanalysis data sets, and satellite 
rainfall products are effectively utilized.

It is observed that the difference in the thermal structure between wet and dry 
spells is significant only in the lower troposphere (<2–3 km). The distributions and 
mean CAPE values, which are measures of thermal instability, for wet and dry spells, 
are found to be different. Analysis indicates that mean CAPE in wet spell is found 
to be higher than that of in dry spell by ~1000 J kg−1. The vertical extent of positive 
buoyancy profiles is deep during wet spells, while most of the buoyancy profiles during 
dry spells are limited in vertical extent. Further, the negative buoyancy areas are seen 

Figure 15. 
Same as Figure 14 but for zonal winds at 100 hPa level, showing the TEJ variation. The black thin and thick 
solid lines in Figure 15a and b represent 24 and 28 ms−1 contours, respectively (source from [52]).
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in most of the profiles during dry spell, and they are mostly centered on two height 
regions, ~700 and ~500 hPa. They, probably, are due to the strong inversions and stable 
layers present at those altitudes. The convection growth is limited in dry spells due to 
the presence of strong stable layers, weak CAPE, and a relatively dry environment.

Reanalysis data products indicate CAPE is higher in wet spell than in dry spell 
over the entire southeast peninsular India. Majority of buoyancy profiles show 
only one peak during wet spell, while bimodal vertical distribution is seen pre-
dominantly in dry spell. From this analysis it is found that the differences in CAPE 
and buoyancy vertical structure between wet and dry spells are not only confined 
to Gadanki but rather observed all over southeastern peninsular India, and they 
are characteristic features of wet and dry spells. Several possible mechanisms are 
invoked to explain observed CAPE differences between spells, i.e., rapid rebuild-up 
of the instability, moistening of the atmosphere due to the evaporation of surface 
moisture in wet spell, enhanced downdrafts engendered by evaporative cooling, 
and drop dragging in dry spell. The synthesis of all measurements and estimates 
indicate that the observed weak CAPE in dry spell may not be sufficient to over-
shoot the frequent stable layers occurring in this spell. Further, the strong (magni-
tude) and deep (in height) low-level wind shear observed in dry spell seems to be 
shearing apart the weakly buoyant updraft.

Diurnal variation of winds from surface to the lower stratosphere is studied dur-
ing different spells of the monsoon. It is observed that, over the study region, the sur-
face and low-level mean winds are stronger during dry spells. The surface wind (both 
zonal and meridional) exhibits a clear diurnal cycle with strong (weak) wind during 
day (night) in both spells. Both the amplitude and time of wind maxima change with 
the altitude. For instance, the zonal wind maxima observed at noon near the surface 
is shifted to early morning in the height region of 400 m–1.5 km (1 km) and then 
systematically to evening (noon) in the height region of 3–6 km (1–2.5 km) in dry 
(wet) spell. The depth of westerlies is deeper in dry spell than in wet spell. Also, the 
zonal wind reversal height shows clear diurnal variation in wet spell, while it is nearly 
the same in dry spell. The amplitude of the diurnal cycle increases with altitude up 
to 2 km and then decreases. Largest amplitudes of the diurnal cycle (>8 m s−1) are 
found in the height region of 1–2 km. The splitting of LLJ into two branches over the 
Arabian Sea is quite pronounced in dry spell, with one branch passing over the pen-
insular India and the other branch veering cyclonically and joins the first branch in 
the Bay of Bengal. The strength and the axis of TEJ do not vary much between spells. 
These variations are compared and contrasted with earlier reports on jet streams.

The diagnostics made with the in situ observations and reanalysis products 
and the key results obtained can be exploited for the modeling purpose for better 
prediction of subseasonal variability of rainfall regionally.
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